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ABSTRACT:  Thermodynamic  properties  for  the  ideal  gas  state  in  table  form 
for  335  gases,  44  liquids,  and  45  solids  compounded  from  33  chemical 
elements  and  their  isotopes;  viz.:  H,  D,  T.  He,  Li,  Be,  B,  C,  N,  0,  F, 
Ne,  Na,  Mg,  Al,  Si,  P,  S,  Cl,  Ar,  K,  Ca,  Br,  Kr,  Re,  Sr,  Zr,  I,  Xej  Cs, 
Ba,  Hg,  and  Pb.  Thermodynamic  properties  are  given  for  the  following 

22  gases  in  the  range  from  room  temperature  to  20,000°K:  H,H+,  H”,  0, 

0+,  H2,  0+,  02,  OH,  OH+,  H20,  N,  N+,  Ng,  nJ,  NO,  N0+,  C,  C%  CO,  C0+,  and 


e~;  for  the  i4  least  stable  gases  up  to  4000°K;  and  for  the  remaining 
299  gases  up  to  6000°K.  Virial  coefficients  for  34  gases  are  also  given 
up  to  6000°K.  _ 

In  Vol.  I  of  the  Handbook:  the  methods  of  calculating  the  thermody¬ 
namic  properties  of  individual  substances  are  described,  and  critical  an¬ 
alysis  is  given  of  the  literature  data  until  i960,  including  the  con¬ 
stants  necessary  for  the  calculation  of  the  tables  of  the  thermodynamic 
properties  (molecular  constants,  heats  of  formation  and  heats  of  phase 
transitions,  specific  beats,  dissociation  energies,  etc.),  the  choice  of 
the  values  of  these  constants  accepted  in  the  Handbook  is  substantiated 
and  their  values  are  estimated  for  such  cases  where  experimental  data  are 
lacking.  - 

•- —  Volume  II  of  the  Handbook  contains  tables  of  the  thermodynamic  pro¬ 
perties  of  individual  substances.  All  tables  were  calculated  by  the  au¬ 
thors  of  the  Handbook  on  the  basis  of  the  data  accepted  in  Vol.  I, 

English  Translation:  321  tables,  4392  references;  2409  pages. 
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ANNOTATION  i 

The  two-volume  Handbook  contains  tables  of  the  thermodynamic  pro¬ 
perties  of  335  gases,  44  fluids,  and  45  solids,  of  altogether  424  com¬ 
ponents  formed  by  the  following  33  elements  and  isotopes:  H,  D,  T,  He, 

Li,  Be,  B,  C,  N,  0,  F,  Ne,  Na,  Mg,  Al,  Si,  P,  S,  Cl,  Ar,  K,  Ca,  Br,  Kr, 

Rb,  Sr,  Zr,  I,  Xe,  Cs,  Ba,  Hg,  and  Pb. 

The  thermodynamic  characteristics  were  calculated  for  the  tempera¬ 
ture  Interval  of  from  293. 15  to  4000-20, 000°K.  The  virlal  coefficients 
are  tabulated  for  34  gases. 

In  Vol.  I  of  the  Handbook  the  methods  of  calculating  the  thermody¬ 
namic  properties  of  individual  substances  are  described,  a  critical  an¬ 
alysis  is  given  of  the  literature  data  until  i960.  Including  the  con¬ 
stants  necessary  for  the  calculation  of  the  tables  of  the  thermodynamic 
properties  (molecular  constants,  heats  of  formation  and  heats  of  phase 
transitions,  specific  heats,  dissociation  energies,  etc.),  the  choice  of 
the  values  of  these  constants  accepted  in  the  Handbook  is  substantiated 
and  their  values  are  estimated  for  such  cases  where  experimental  data 
are  lacking. 

Volume  II  of  the  Handbook  contains  tables  of  the  thermodynamic  pro¬ 
perties  of  individual  substances.  All  tables  were  calculated  by  the  au¬ 
thors  of  the  Handbook  on  the  basis  of  the  data  accepted  in  Vol.  I. 

The  principal  aim  of  this  Handbook  is  to  render  possible  to  calcu¬ 
late  the  thermodynamical  processes  occurring  at  high  temperatures.  The 

Handbook  may  also  be  used  in  scientific  research  and  experimental  de- 
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sign  work  of  institutes,  design  offices,  universities,  and  also  for  the 
training  of  specialists  in  chemical  and  thermal  physics. 
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PREFACE 

The  first  three-volume  edition  of  the  Handbook  with  the  title 
"Thermodynamic  Properties  of  the  Components  of  Combustion  Products"  was 
issued  by  the  Publishing  House  of  the  Academy  of  Sciences  USSR  in  1956. 
It  was  the  main  purpose  of  the  Handbook  to  render  possible  thermodynam¬ 
ic  calculations  of  processes  occurring  at  high  temperatures.  We  began 
the  work  of  compiling  the  Handbook,  which  contains  tables  of  thermody¬ 
namic  functions  and  equilibrium  constants  of  the  components  of  combus¬ 
tion  products,  since  the  theimodynamic  characteristics  of  combustion 
products  known  in  literature  proved  to  be  insufficient  for  the  calcula¬ 
tion  of  engines  and  the  choice  of  fuels. 

The  most  complete  tables  published  at  the  beginning  of  the  fifties, 
did  not  contain  more  than  50  components,  constituted  by  at  most  10  ele¬ 
ments.  The  tables  of  Huff,  Gordon,  and  Morrell  [2142],  for  example  con¬ 
tain  the  functions  of  42  components  (including  such  in  condensed  state) 
formed  by  10  elements  (H,  Li,  B,  C,  N,  0,  F,  Ar,  Al,  and  Cr).  The  data 
of  these  tables  were  borrowed  from  various  sources  or  were  calculated, 
averaged  and  extrapolated  up  to  6000°.  These  tables  were  used  and  sup¬ 
plemented  by  Vanichev,  who,  on  the  basis  of  literature  data,  summarized 
the  tables  of  enthalpies,  true  specific  heats,  standard  entropies,  va¬ 
por  pressures,  and  equilibrium  constants  of  50  components,  in  most  cases 
up  to  6000 °K  [117a). 

In  1954  Zeise’s  book  "Thermodynamics"  [4384)  came  on  the  market, 

,  it  contains  tables  of  thermodynamic  properties  which  had  been  published 

_  i 

in  periodicals  until  1953.  Since  all  tables  are  given  without  any  im- 
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provements  as  compared  to  the,  original  papers,  among  which  we  find  such 
that  were  published  at  the  beginning  of  the  thirties,  the  book  contains 
numerous  obsolete  and  inaccurate  data.  The  tables  of  the  authors  men¬ 
tioned  either  cover  too  narrow  a  temperature  range  or  are  approximated 
too  roughly  (often  using  obsolete  initial  data),  or  ignore  many  compo¬ 
nents  of  combustion.  The  physical  and  thermal  constants  of  numerous  at¬ 
oms  and  molecules  were  then  improved  or  determined,  which,  owing  to  the 
development  of  the  statistical  methods  of  calculating  thermodynamic  val¬ 
ues,.  made  it  possible  to  calculate  more  complete  and  exact  tables  of  the 
thermodynamic  properties  of  a  great  nunber  of  multiphase  components  of 
combustion  products. 

The  first  edition  of  the  Handbook  contained  tables  of  the  thermo¬ 
dynamic  quantities  of  234  components  (including  such  in  condensed  state) 
formed  by  the  following  23  elements  and  isotopes:  H,  D,  T,  Li,  Be,  B,  C, 
N,  0,  F,  Na,  Mg,  Al,  Si,  P,  S,  Cl,  K,  Ca,  Br,  I,  Hg,  and  Pb.  The  tables 
comprised  the  fundamental  components  of  the  combustion  products  formed 
by  the  most  probable  combination  of  the  listed  elements.  It  had  been  as¬ 
sumed  that  all  the  simplest  radicals  formed  by  oxidant  and  fuel  can  be 
found  in  the  combustion  products,  even  if  the  existence  of  some  of  them 
had  not  yet  been  proved  experimentally.  Unstable  compounds,  such  as  LiN, 
PF^,  SF^,  etc. ,  were  not  taken  into  consideration.  The  possible  ioniza¬ 
tion  of  lithium,  fluorine,  chlorine,  bromine,  and  iodine  (e“,  Li+,  F~, 
Cl“,  Br~,  I-)  was  taken  into  account.  This  is  important  with  regard  to 
the  influence  of  the  ionization  of  the  flame  on  the  transmission  of  ra¬ 
diowaves  under  certain  conditions.  For  the  same  reason  atoms  and  ions  of 
sodium,  potassium  and  calcium  were  also  treated. 

Among  the  compounds  of  fuel  atoms  with  various  oxidants  only  the 
carbon  oxyfluorides  (COF,  C0F2)  and  oxychlorides  (C0C1,  C0C12)  were  con¬ 
sidered;  we  know  also  other  compounds,  such  as,  e.g. ,  CFnClm,  COFCI,  as 
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well  as  compounds  of  other  fuel  atoms  with  various  oxidants.  This  edi¬ 
tion  does  neither  deal  with  the  numerous  incompletely  substituted  fluor¬ 
ine,  chlorine,  and  fluorine-chlorine  derivatives  of  hydrocarbons,  nor 
with  the  rather  complex  compounds  that  may  appear  as  soon  as  the  combus¬ 
tion  products  have  left  the  nozzle  of  the  engine,  and  the  temperature 
has  further  dropped. 

Thus,  the  list  of  components  formed  by  the  21  elements  considered 
in  the  first  edition  of  the  Handbook  did  not  in  the  least  comprise  all 
components  of  combustion  products  produced  in  the  combustion  chamber, 
but  permitted  calculations  which  were  more  reliable  than  the  compendia 
compiled  earlier.  Indeed,  this  Handbook  did  contain  tables  of  thermody¬ 
namic  properties  of  178  gaseous,  27  liquid,  and  29  solid  components  of 
combustion  products  (electrons,  ions,  atoms,  radicals  and  molecules), 
of  altogether  234  components,  including  48  monatomic,  96  diatomic,  49 
triatomic,  21  tetratomic,  12  pentatomic,  3  hexatomic,  1  heptatomic,  2 
decat omic,  1  dodecatomic  molecules  and  1  molecule  constituted  of  four¬ 
teen  atoms. 

The  thermodynamic  properties  of  the  gaseous  components  were  cal¬ 
culated  for  the  state  of  an  ideal  gas.  The  thermodynamic  properties  of 
the  condensed  components  were  calculated  for  the  case  where  the  sublima¬ 
tion  or  boiling  point  of  the  component  does  not  lie  below  1000°K  at  a 
pressure  of  100  atm.  The  tables  of  the  thermodynamic  functions  of  all 
gaseous  components  were  calculated  for  the  temperatures  of  293.16°, 

298. 16°, '400°  and  then  for  each  other  100°  up  to  6000°K. 

The  tables  of  the  theiroodynamic  properties  contained  in  the  first 
edition  of  the  Handbook  were  recalculated  by  means  of  the  most  reliable 
initial  data  published  until  1954#  in  some  cases  up  to  1955*  In  this 
Handbook  the  tables  of  the  thermodynamic  properties  of  more  than  100 
substances  were  published  for  the  first  time. 
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In  the  years  thereafter  tables  of  thermodynamic  functions  and 
equilibrium  constants  were  published  for  the  simple  substances  cf  the 
9-  elements  (from  H  to  U),  calculated  by  Stull  and  Sinke  [3894]  on  the 
basis  of  initial  data  published  until  1956.  These  tables  were  calcula¬ 
ted  for  both  elements  in  crystalline  and  liquid  states  (from  298. 15°  up 
to  the  boiling  point)  as  well  as  for  all  monatomic  and  polyatomic  gas¬ 
es  in  the  range  from  298.15  to  3000°K. 

In  the  past  years  one  has  begun  to  calculate  the  thermodynamic 
functions  of  gases  for  temperatures  exceeding  5000-£000°K,  especially 
for  the  gases  constituting  the  air.  Approximate  values  of  the  functions 
of  9  substances  (Ng,  Og,  NO,  Hg,  CO,  Cg,  HgO,  COg,  and  graphite)  at 
temperatures  up  to  12,000°K  were  published  by  Flckett  and  Cowan  [1555, 
1556]  in  1955,  and  the  functions  of  6  gases  (Ng,  Ng,  No,  N0+,  Og,  Og) 
for  temperatures  up  to  25,000°K  by  Beckett  and  Haar  [714] .  A  team  of 
authors  under  the  guidance  of  Predvoditelev  calculated  tables  of  the 
thermodynamic  functions  of  air  for  temperatures  of  from  6000  to  12,000°K 
and  pressures  of  from  0.001  to  1000  atm  [334a],  Unfortunately  in  this 
work  data  on  the  theimodynamic  properties  of  the  individual  substances 
constituting  the  air  are  lacking.  A  paper  of  t'  =  same  team,  published 
In  1959,  contains  tables  of  the  thermodynamic  functions  of  air  and  its 
components  (N,  0,  Ar,  N+,  0+,  Ar+)  for  temperatures  of  from  12,000  to 
20,000°K  and  pressures  of  from  0.001  to  1000  atm  [3353* 

It  must  also  be  mentioned  that  various  U.S.  offices  published  col¬ 
lections  containing  tables  of  the  thermodynamic  functions  of  various 
groups  of  substances.  Let  us  mention,  for  example,  the  third  series  of 
tables  of  the  Handbook  of  the  U.S.  National  Bureau  of  Standards  [3680], 
the  Handbook  on  the  Physicochemical  and  Thermodynamic  Properties  of  Ti¬ 
tanium  Compounds  and  Related  Substances  [3502a],  the  Handbook  on  Ther¬ 
modynamic  Properties  of  Metal  Oxides  [2564a],  etc.  These  data  are  based 
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mainly  on  papers  published  in  periodicals. 

Compared  with  the  first  edition,  the  present  second  edition  of  the 
Handbook  is  essentially  expanded  with  regard  to  the  number  of  compo¬ 
nents  dealt  with  {424  compared  to  234)  and  the  temperature  range.  This 
Handbook  has  been  entirely  revised,  additional  literature  data  have 
been  analyzed  and  papers  were  taken  into  account  which  were  published 
in  1955  to  I960,  partly  even  such  of  1961.  107  of  the  207  tables  of  the 
first  edition  were  entirely  recalculated  and  43  tables  were  partially 
recalculated.  The  texts  of  all  chapters  were  entirely  revised. 

The  compilation  of  the  Handbook  was  based  upon  detailed  studies  of 
literature  concerning  investigations  of  spectra  and  molecular  structures 
of  the  substances  in  question,  calorimetric  investigations  of  their  spe¬ 
cific  heats,  the  heats  of  phase  transitions,  the  heats  of  formation, 
the  composition  of  vapors,  and  other  similar  properties.  In  most  cases 
the  experimental  data  of  the  original  papers  were  revised,  so  that  it 
was  possible  to  improve  the  values  of  the  molecular  constants  of  a  num¬ 
ber  of  substances,  of  their  heats  of  formation,  heats  of  sublimation 
and  energies  of  dissociation.  The  recalculation  of  all  chemical  con¬ 
stants  is  of  particular  importance;  owing  to  this  all  values  given  in 
the  Handbook,  including  the  heats  of  formation,  the  dissociation  ener¬ 
gies,  and  the  thermodynamic  properties  form  a  system  of  mutually  coor¬ 
dinated  values. 

For  some  substances  considered  In  the  Handbook  several  or  all  data 
necessary  for  the  calculation  of  the  tables  of  thermodynamic  properties 
were  lacking.  Therefore  in  several  laboratories  of  the  Soviet  Union  a 
great  many  of  investigations  of  these  properties  were  carried  out, 
which  are  necessary  for  the  calculation  of  the  tables  of  the  thermody¬ 
namic  properties  of  the  substances  treated  In  the  present  Handbook.  The 
following  laboratories  participated  in  these  investigations:  the  Labor- 
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atory  of  Molecular  Spectroscopy  of  the  Chemical  Department  of  the  Mos¬ 
cow  State  University  (head:  Professor  V.M.  Tatevskiy);  the  Laboratory 
of  Molecular  Spectrosc.opy  of  the  State  Institute  of  Optics  (head:  Pro¬ 
fessor  B.S,  Neporent) ;  the  laboratory  of  Electronographic  Investiga¬ 
tions  of  the  Chemical  Department  of  the  Moscow  State  University  (head : 
P.A.  Akishin);  the  Laboratory  of  Thermodynamics  and  Chemistry  of  High- 
temperature  Processes  of  the  Institute  of  Mineral  Fuels  of  the  Academy 
of  Sciences  USSR  (head:  K.A.  Nikitin,  Candidate  of  Technical  Sciences); 
the  Laboratory  of  Chemical  Thermodynamics  of  the  Chemical  Department  of 
the  Moscow  State  University  (head:  Ya.I.  Gerasimov,  Corresponding  Mem¬ 
ber  of  the  Academy  of  Sciences  USSR);  the  Luginin  Thermochemical  Labor¬ 
atory  of  the  Chemical  Department  of  the  Moscow  State  University  (heads: 
Professor  M.M.  Popov  [deceased],  and  Professor  S.M.  Skuratov);  the  Lab¬ 
oratory  of  Radiochemistry  of  the  Chemical  Department  cf  the  Moscow 
State  University  (head:  Professor  An.N.  Nesmeyanov);  the  Laboratory  of 
Low-temperature  Physics  of  the  Institute  of  Physical  Problems  of  the 
Academy  of  Sciences  USSR  of  the  All-Union  Scientific  Research  Insti¬ 
tute  of  Physicotechnical  and  Radio  Engineering  Measurements  of  the  Com¬ 
mittee  of  Standards  (head:  P. G.  Strelkov,  Corresponding  Member  of  the 
Academy  of  Sciences  USSR);  the  Division  of  Heat  Measurements  of  the 
Khar*kov  State  Institute  of  Measures  and  Measuring  Instruments  of  the 
Committee  of  Standards  (head:  V.V..  Kandyba),  and  the  Thermometric  Lab¬ 
oratory  of  the  Sverdlovsk  Branch  of  the  All-Union  Scientific  Research 
Institute  of  Metrology  of  the  Committee  of  Standards  (head:  E.N.  Rodi- 
gina.  Candidate  of  Chemical  Sciences).  The  results  of  these  investiga¬ 
tions  are  discussed  In  the  present  Hanabook  ana  also  mentioned  3n  pa¬ 
pers  published  in  periodicals  and  reports  [1-573* 

Moreover,  on  the  basis  of  various  theoretical  relationships  and 
empirical  regularities  the  authors  of  the  Handbook  have  estimated  a 
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great  number  of  molecular  constants,  thermodynamical  and  thermochemical 
values. 

The  Handbook  consists  of  two  volumes.  Part  1  of  Volume  I  contains 
a  description  of  the  methods  used  to  calculate  the  tables  of  the  ther¬ 
modynamic  properties  of  substances  in  solid  and  liquid  states  and  in 
the  state  of  an  ideal  gas;  fundamental  information  is  given  on  the  ener¬ 
gy  states  of  atoms  and  simple  molecules,  and  methods  are  described 
which  areused  to  determine  the  constants  necessary  for  the  calculation 
of  the  tables  of  thermodynamic  properties.  In  the  2nd  part  the  reader 
may  find  the  results  of  investigations  and  approximate  estimations  of 
molecular  constants,  specific  heats  and  heats  of  phase  transitions  and 
also  the  thermodynamic  values  of  the  substances  considered  in  the  Hand¬ 
book.  On  the  basis  of  a  critical  analysis,  the  values  of  these  con¬ 
stants,  used  for  the  subsequent  calculation  of  the  tables  of  the  ther¬ 
modynamic  properties  of  individual  substances,  are  compiled  In  special 
tables.  In  the  individual  sections  the  calculations  of  the  thermodynam¬ 
ic  functions  of  gases  are  described,  their  accuracy  Is  estimated,  and 
they  are  compared  with  literature  data.  In  Part  3  various  auxiliary 
means  are  mentioned,  for  example,  the  values  of  the  fundamental  physi¬ 
cal  constants,  atomic  weights  and  the  percentage  of  the  isotope  con¬ 
tent,  relations  linking  the  force  constants  with  the  vibrational  fre¬ 
quencies  of  molecules  of  various  types,  and  also  with  the  products  of 
their  principal  moments  of  Inertia  and  the  structural  parameters.  In 
the  same  part  the  methods  of  the  calculation  of  corrections  for  the  in¬ 
teraction  of  the  gas  molecules  to  the  values  of  the  thennodynamic  func¬ 
tions  of  these  gase3  are  described,  the  data  are  discussed,  which  are 
needed  to  calculate  these  corrections  for  34  gases,  and  the  critical 
constants  of  a  series  of  substances  and  the  methods  of  their  estimation 
are  discussed. 
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The  second  volume  of  the  Handbook  contains  tables  of  the  thermody¬ 
namic  properties  of  335  gases,  44  liquids,  and  45  solids,  or  altogether 
424  components  formed  by  the  following  33  elements  and  isotopes:  H,  D, 
T,  He,  Li,  Be,  B,  C,  N,  0,  F,  Ne,  Na,  Mg,  Al,  Si,  P,  S,  Cl,  Ar,  K,  Ca, 
Br,  Kr,  Kb,  Sr,  Zr,  I,  Xe,  Cs,  Ba,  Hg,  and  Pb. 

Table  1  gives  a  survey  of  the  370  substances  whose  thermodynamic 
characteristics  are  listed,  under  the  assumption  that  these  individual 
substances  in  gaseous  or  condensed  states  may  be  considered  components 
of  combustion  products.  The  42  halogen  derivatives  of  methane  and  the 
12  halogen  derivatives  of  ethylene  are  not  included  in  this  table;  for 
these  compounds  special  tables  of  thermodynamic  characteristics  have 
been  compiled. 

Except  for  AlgO^  the  teiroodynamic  properties  for  all  components 
considered  in  the  Handbook  are  calculated  for  the  ideal  gaseous  state. 
The  letters  zh  and  t  at  the  right  side  of  the  component  in  the  tabular 
summary  Indicate  that  the  thermodynamic  properties  of  these  components 
are  also  calculated  for  the  condensed  state  (fluid  or  solid).  In  order 
to  consider  the  deviation  of  the  gases  from  the  ideal  state  at  high 
pressures  and  medium  temperatures,  the  virial  coefficients  and  their 
derivatives  are  tabulated  for  34  gases. 

For  14  of  the  least  stable  gases  the  thermodynamic  characteristics 
are  calculated  from  293*15  to  4000°K,  for  22  gases  they  are  calculated 
up  to  20,000°K  (H,  H+,  H“,  0,  0+,  Hg,  Og,  Og,  OH,  0H+,  HgO,  N,  N+,  Ng, 
Kg,  NO,  N0+  ;C,  C+,  CO,  C0+,  e")  and  for  all  other  gases  up  to  6000 °K. 

This  extended  compilation  of  substances  makes  it  possible  to  use 
the  Handbook  not  only  in  thermodynamic  calculations  of  heat  engines  of 
various  types,  but  also  in  many  cases  of  thermal  processes. 

The  tables  of  thermodynamic  properties  contained  in  the  Handbook 
are  not  equally  accurate,  since  the  accuracy  of  the  constants  used  in 


the  calculations  is  different  for  different  substances.  In  order  to 
characterize  the  accuracy  of  the  tables,  a  seven-point  system  is  used 
in  the  Handbook. 

The  Handbook  was  compiled  by  a  team  of  members  of  the  institute  of 
Mineral  Fuels  of  the  Academy  of  Sciences  USSR  and  of  the  State  Insti¬ 
tute  of  Applied  Chemistry  of  the  State  Committee  on  Chemistry  of  the 
Council  of  Ministers  of  the  USSR  under  the  general  scientific  guidance 
of  Academician  V.  P.  Glushko.  The  Chapters  1  —  5>  8,  9,  14,  l6  and  20-31, 
the  Supplements  5  and  6,  as  well  as  part  of  the  material  of  the  Chap¬ 
ters  6,  7>  10,  and  11  were  elaborated  in  the  Institute  of  Mineral  Fuels 
of  the  Academy  of  Sciences  of  the  USSR.  The  Chapters  6,  J,  10  —  12,  1 
17  —  19,  the  Supplements  1,  2,  3,  and  4,  and  part  of  the  material  of 
Chapter  2  were  compiled  in  the  State  Institute  of  Applied  Chemistry  of 
the  State  Committee  on  Chemistry  of  the  Council  of  Ministers  of  ti- 
USSR.  When  writing  these  chapters  the  authors  of  the  State  Institute  of 
Applied  Chemistry  used  texts  dealing  with  H,  H+,  H“,  OH,  0H+,  0H“,  Br~, 
I”,  and  I",  as  well  as  earlier  material  concerning  deuterium,  sulfur 
and  its  compounds,  C2H2,  and  CgFgj  these  texts  had  been  prepared  in  the 
Institute  of  Mineral  Fuels  of  the  Academy  of  Sciences  USSR. 

The  main  work  of  preparation  of  the  Handbook  was  done  by  L.V.  Gur- 
vich,  G.A.  Khachkuruzov,  V.A.  Medvedev,  I.V.  Veyts,  G.A.  Bergman,  V.S. 
Yungman,  N.P.  Rtishcheva,  L.F.  Kuratova,  and  G.N.  Yurkov;  part  of  the 
material  of  the  Handbook  was  prepared  by  A. A.  Kane,  B.F.  Yudin,  B. I. 
Brounshteyn,  V.F.  Baybuz,  V.A.  Kvlividze,  Ye. A.  Prozorovskiy,  and  B.A. 
Vorob’yev.  Moreover,  V.V.  Kokushkin,  1.3.  Milevskaya,  M.M.  Novikov,  and 
F.V.  Pospelov  participated  in  the  preparation  of  the  material  of  Indivi¬ 
dual  sections. 

L.V.  Gurvich  as  the  chief  author  of  the  Handbook  was  not  only  su¬ 
pervising  the  compilation  work  of  the  Handbook,  but  had  also  the  main 
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responsibility  for  the  coordination  of  both  the  work  done  in  the  Insti¬ 
tute  of  Mineral  Fuels  and  in  the  Institute  of  Applied  Chemistry,  and 
the  experimental  investigations  of  the  group  of  cooperating  institu¬ 
tions. 

The  statistical  methods  of  calculation  of  the  thermodynamic  func¬ 
tions  of  gases  were  improved  and  their  accuracy  was  estimated  by  L.V. 
Gurvich,  V.S.  Yungman,  V.A.  Kvlividze  (Institute  of  Mineral  Fuels),  and 
B.I.  Brounshteyn,  G.A.  Khachkuruzov  and  G.N.  Yurkov  (State  Institute  of 
Applied  Chemistry).  The  values  of  constants,  which  were  necessary  for 
the  calculation  of  tables  of  thermodynamic  properties,  but  whose  values 
are  not  given  in  literature,  were  estimated  in  the  Institute  of  Mineral 
Fuels  by  L.V.  Gurvich,  I.V.  Veyts,  V.A.  Medvedev,  G.A.  Bergman,  V.S. 
Yungman,  V.A.  Kvlividze  and  Ye. A.  Prozorovskiy,  and  in  the  State  Insti¬ 
tute  of  Applied  Chemistry  by  G.A.  Khachkuruzov,  B.F.  Yudin,  A. A.  Kane, 
and  I.S.  Milevskaya.  The  thermodynamic  functions  of  198  gases  were  tab¬ 
ulated  by  N.B.  Rtishcheva  and  V.S.  Yungman,  assisted  by  B.A.  Vorob‘yev 
(programming  for  an  electronic  computer)  and  supervised  by  L.V.  Gurvich, 
and  those  of  137  gases  were  calculated  by  L.F.  Kuratova  and  G.N.  Yurkov 
in  the  Institute  of  Applied  Chemistry  under  the  guidance  of  G.A.  Khach¬ 
kuruzov.  The  tables  of  the  thermodynamic  properties  of  45  substances  in 
condensed  state  were  calculated  by  G.A.  Bergman,  the  tables  of  the  vir- 
lal  coefficients  and  their  derivatives  were  computed  by  V.F.  Baybuz  for 
34  gases.  The  auxiliary  tables  of  thermodynamic  functions  of  the  harmon¬ 
ic  and  anharmonic  oscillator  and  the  interpolation  formulas  of  the  tab¬ 
ulated  valuea  of  thermodynamic  properties  were  computed  by  B.A.  Vorob 5 
yev  and  N. P.  Rtishcheva  using  the  BESM  of  the  Academy  of  Sciences  USSR. 

The  material  of  Volume  I,  Part  1,  was  compiled  and  written  as  fol¬ 
lows:  Introduction  and  Chapter  1  by  L.V.  Gurvich  under  cooperation  of 
V.A.  Kvlividze  (Section  2),  V.S.  Yungman  (Section  3),  and  G.A.  Khachkur- 
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uzov  (Section  4);  Chapter  2  by  L.V.  Qurvich  and  V.S.  Yungman,  assisted 
by  B.I.  Brounshteyn  and  G.N.  Yurkov  (Sections  9,  15,  1 6),  Chapter  3  by 
Q. A.  Bergman,  Chapter  4  by  V.A.  Medvedev  assisted  by  I.V.  Veyts  (§21). 

The  material  of  Volume  I,  Part  2,  was  compiled  and  written  as  fol¬ 
lows:  the  divisions  concerning  the  molecular  constants  by  I.V.  Veyts 
(Chapters  16,  20  —  27),  and  L.V.  Qurvich  (Chapters  5,  8,  9,  the  materi¬ 
al  concerning  atoms  and  part  of  the  molecules  in  the  Chapters  16,  20  — 
27,  Chapters  28  —  30),  Q.A.  Khachkuruzov  (Chapters  6,  7,  8,  15,  17-19), 
A. A.  Kane  (Chapters  10  —  12,  part  of  the  material  of  the  Chapters  13  and 
17),  by  V.S.  Yungman  (Hg  in  Chapter  6;  OH,  0H+,  OH”,  in  Chapter  7,  and 
Chapter  14)  assisted  by  V.A.  Kvlivldze  (constants  of  atoms  and  monatomic 
ions  in  the  Chapters  5,  6,  14,  16,  22,  24  —  30),  Ye. A.  Prozorovskiy 
(02,  Og  in  Chapter  5,  OH  in  Chapter  7,  FgO  111  Chapter  8,  Ng  and  NO  in 
Chapter  14,  CO  and  C0+  in  Chapter  16,  NaF  and  KF  in  Chapter  29),  B.I. 
Brounshteyn  (Chapters  10—  12),  M.M.  Novikov  (C1F,  Clg  and  H0C1  in  Chap¬ 
ter  9,  BeF,  BeCl  in  Chapter  25,  PbO  in  Chapter  30),  I.S.  Milevskaya 
(Chapter  19),  F.S.  Pospelov  (Chapter  18)  and  V.V.  Kokushkin  (HgOg,  Dg0g 

and  HDOg  in  Chapter  7); 

the  divisions  dealing  with  the  calculation  of  the  thermodynamic 
functions  of  gases  were  compiled  by  L.V.  Gurvlch  (Chapters  5,  8,  9,  16, 
20—  30),  Q.A.  Khachkuruzov  (Chapters  6,  7,  15,  18,  19)  V.S.  Yungman 
(Hg  in  the  Chapter  6,  OH,  0H+,  OH”  in  Chapter  7,  Chapter  14),  G.N.  Yur¬ 
kov  (part  of  the  material  on  oxygen  compounds  of  D  and  T  in  the  Chap¬ 
ter  7,  Chapter  10  —  12,  part  of  the  material  of  the  Chapters  13,  15,  18, 
19)  under  assistance  of  V.A.  Kvlivldze  (monatomic  gases  in  the  Chapters 
5,  14,  16,  22,  24  —  30),  N.  P.  Rtlshcheva  (compilation  of  the  material 
for  the  calculation  and  the  comparison  with  the  calculation  data  in  the 
Chapters  5,  8,  9,  20  —  30),  L.F.  Kuratova  (special  material  of  the  Chap¬ 
ters  15,  17—  19),  B.I.  Brounshteyn  (Chapters  10—  12),  and  F.V.  Pospe- 
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lov  (compilation  of  special  material  of  Chaptez*  18); 

the  divisions  concerning  the  thermodynamic  properties  of  substan¬ 
ces  in  solid  and  liquid  states  were  compiled  by  G.A.  Bergman  (Chapters 
16,  22  -  30); 

the  divisions  dealing  with  the  thermochemical  values  were  compiled 
by  V.A.  Medvedev  (0^  in  Chapter  V,  H^O,  HgOg,  DgOg  in  Chapter  7,  Chap¬ 
ters  8,  9>  14,  16,  20-30);  B.P.  Yudin  (HgO  and  D20  in  Chapter  ?,  Chapters 
10  —  12,  15,  1?  —  19)*  G.A.  Bergman  (heats  of  sublimation  of  elements, 
their  fluorides  and  chlorides  in  the  Chapters  22,  24  —  30,  PbO,  SiOg, 
and  Zr02),  G.A.  Khachkuruzov  (Chapters  6,  7,  13,  15>  part  of  the  divi¬ 
sions  of  the  Chapters  17  —  19);  I.V.  Veyts  (spectroscopic  investigations 
of  the  dissociation  energy  in  the  Chapters  16,  20  —  27),  L.V.  Gurvich 
(ionization  potential  and  values  of  the  electron  affinity  of  atoms  and 
molecules  with  the  exception  of  Chapter  14,  spectroscopic  Investiga- 
tion  of  the  dissociation  energy  in  the  Chapters  5,  8,  9,  CO,  CO  in 
Chapter  16,  Chapters  21,  25,  26,  28  —  30),  V. S.  Yungman  (dissociation 
energies  of  Hg  in  Chapter  5,  of  OH  and  OH  in  Chapter  6,  of  diatomic 
molecules  in  Chapter  14).  Chapter  31  was  written  by  V. S.  Yungman. 

The  material  of  Part  3  of  Volume  I  was  compiled  and  written  as 
follows;  G.A.  Khachkuruzov  assisted  by  G.N.  Yurkov:  Supplements  1  and 
2;  L.P.  Kuratova  and  G.A.  Khachkuruzov:  Supplement  3>  V.V.  Kokushkin: 
Supplement  4;  V.P.  Baybuz:  Supplements  5  and  6. 

The  Handbook  was  edited  completely  by  Academician  V.P.  Glushko 
(Editor  in  Chief),  and  L.V.  Gurvich,  Candidate  of  Chemical  Sciences, 
and  G.A.  Khachkuruzov,  Candidate  of  Technical  Sciences.  The  divisions 
dealing  with  the  molecular  constants  were  edited  by  I.V.  Veyts,  Candi¬ 
date  of  Chemical  Sciences,  and  the  divisions  dealing  with  thermochemi¬ 
cal  Sciences. 

The  calculations  necessary  to  compile  the  tables  of  ‘he  thermody- 
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namic  properties  and  the  fundamental  work  of  preparing  the  material  of 
the  Handbook  were  carried  out  by  I.G.  Baybuz,  V. S.  Shmeleva,  E.I.  Sur¬ 
kova,  N. R.  Simagina,  L.I.  Kopteva,  V.M.  Kuznetsova,  Z.P.  Filatova,  Lab¬ 
oratory  Assistants  of  the  Institute  of  Mineral  Fuels  of  the  Academy  of 
Sciences  USSR,  and  Ye.G.  Goland,  V. S.  Pavlc/a,  V.V.  Ivanova,  L. P.  Sere- 
brennikova,  T.A.  Mikhaleva,  Laboratory  Assistants  of  the  Institute  of 
Applied  Chemistry. 

At  the  beginning  of  the  work  of  preparing  the  material  for  the 
first  edition  of  the  Handbook  (1952-1953)  the  scientific  supervisor  was 
A.B.  Chernyshev  [deceased].  Corresponding  Member  of  the  Academy  of  Sci¬ 
ences  USSR,  and  V.V.  Korobov,  who  assisted  in  the  preliminary  analysis 
of  the  literature  concerning  spectra  and  :hermochemistry  of  individual 
compounds,  and  in  the  calculation  of  the  thermodynamic  functions  vi‘ 
some  gases,  (Si02,  S02)  was  the  scientific  supervisor  of  the  work  done 
in  the  Institute  of  Mineral  Fuels  of  the  Academy  of  Sciences  USSR. 

V.A.  Il’inskiy,  Doctor  of  Technical  Sciences,  and  the  Engineers 
Ye. A.  Ivan’kova  and  L.V.  Chernyakova  assisted  in  checking  the  tables  of 
the  first  edition  of  the  Handbook. 

K.A.  Nikitin,  Candidate  of  Technical  Sciences  and  Chief  of  the  Lab¬ 
oratory,  organized  the  work  on  the  Handbook  in  the  Institute  of  Mineral 
Fuels  of  the  Academy  of  Sciences  USSR,  and  I.P.  Tverdovskiy,  Candidate 
of  Chemical  Sciences  and  Chief  of  the  Laboratory,  organized  the  work  in 
the  Institute  of  Applied  Chemistry. 

The  leading  part  in  the  compilation  work  for  the  Handbook  was  play¬ 
ed  by  the  members  of  the  Laboratory  of  the  Institute  of  Mineral  Fuels 
of  the  Academy  of  Sciences  USSR,  who,  together  with  the  members  of  the 
laboratory  of  the  State  Institute  of  Applied  Chemistry  of  the  State  Com¬ 
mittee  on  Chemistry,  accomplished  a  great  creative  work.  The  experien¬ 
ces  gained  by  the  teams  of  the  Institute  of  Mineral  Fuels  and  the  State 
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Institute  of  Applied  Chemistry  on  compiling  the  Handbook  in  the  course 
of  ten  years,  shall  be  used  for  a  future  systematic  revision  of  the 
Handbook  and  the  addenda,  which  will  be  issued  periodically. 


I  consider  it  a  pleasant  duty  to  express  my  highest  appreciation 
to  the  harmonious  team  of  authors  of  the  Handbook,  especially  to  the 
chief  author  of  the  Handbook  L.V.  Gurvich,  to  the  Laboratory  Chiefs 
K.A.  Nikitin  and  I. P.  Tverdovskiy,  and  the  reviewers  of  the  Handbook, 
Ya.I.  Gerasimov,  Corresponding  Member  of  the  Academy  of  Sciences  USSR, 
and  Professor  S.M.  Skuratov,  who  have  given  substantial  assistance  in 
the  editing  of  the  individual  divisions  dealing  with  the  selection  of 
the  thermochemical  values,  and  also  to  Professor  V.M.  Tatevskiy,  whose 
valuable  counsel  has  been  of  great  use  for  the  work  on  the  Handbook, 
ar>_  to  P.G.  Strelkov,  Corresponding  Member  of  Sciences  USSR. 

•  V.  P.  Glushko 
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[Transliterated  Symbols] 


10  ac  =  zh  =  zhidkiy  =  liquid 

10  t  =  t  =  tverdyy  =  solid 

13  B3CM  =  EESM  =  bystrodeystvuyushchaya  elektronnaya  schetnaya 

mashina  =  high-speed  electronic  computer 


-  17  - 


INTRODUCTION 


The  still  increasing  exploration  and  practical  utilization  of  pro¬ 
cesses  occurring  at  high  temperatures  and  pressures  is  one  of  the  char¬ 
acteristic  features  of  the  development  of  science  and  engineering  dur¬ 
ing  the  last  20  —  25  years.  The  experimental  examinations  of  these  pro¬ 
cesses  and  their  application  in  engineering  are  usually  rather  complex 
and  expensive  undertakings.  Therefore,  theoretical  investigations  have 
tc  precede  experimental  work  in  this  field,  in  order  to  find  out  the 
principal  possibilities  of  realizing  a  certain  process  and  to  determine 
the  optimum  conditions  of  its  execution. 

At  high  temperatures  where  the  kinetic  factors  are  rather  insig¬ 
nificant,  a  sufficiently  accurate  theoretical  investigation  of  the  pro¬ 
cesses  may  be  carried  out  on  the  basis  of  thermodynamic  calculations, 
provided  the  data  on  the  thermodynamic  properties  of  the  Individual  sub¬ 
stances,  which  participate  in  these  processes,  are  known.  This  explains 
the  interest  continually  growing  in  the  past  years,  which  is  devoted  to 
the  study  of  the  thermodynamic  properties  of  substances,  especially 
gases  at  high  temperatures,  and  also  the  still  increasing  application 
of  thermodynamic  methods  of  Investigation  in  the  most  different  fields 
of  science  and  engineering.  It  may  be  noted  that  the  vast  successes 
achieved  in  the  past  years  In  thermotechnics,  petrochemistry,  metallur¬ 
gy  and  some  other  fields,  are  immediately  connected  with  the  applica¬ 
tion  of  thermodynamic  calculations. 

The  widespread  application  of  thermodynamic  methods  and  the  per¬ 
spectives  becoming  apparent  In  this  field  require  the  compilation  of 
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data  on  the  thermodynamic  properties  of  individual  substances;  in  addi¬ 
tion  to  this  the  number  of  the  substances  to  be  analyzed  is  constantly 
growing,  and  the  temperature  range  for  which  the  respective  data  are 
necessary  is  continuously  extended.  Whereas  until  the  end  of  the  thir¬ 
ties  mainly  data  concerning  the  thermodyi  amic  properties  of  the  common 
gases  and  the  simplest  hydrocarbons  were  needed  for  practical  calcula¬ 
tions  in  the  temperature  range  from  room  temperature  to  1500-3000°K,  at 
the  beginning  of  the  fifties,  however,  data  of  the  thermodynamic  pro¬ 
perties  of  several  tens  of  inorganic  compounds  at  temperatures  up  to 
5000  —  6000 °K  were  required,  and  in  the  following  years  data  for  temper¬ 
atures  up  to  20,000  -  25,000°K  became  necessary  to  permit  the  calcula¬ 
tion  of  high  temperature  processes. 

Experimental  investigations  of  the  thermodynamic  properties  of  in¬ 
dividual  substances  (especially  of  gases)  on  the  basis  of  calorimetric 
measurements  are  only  possible  in  a  limited  temperature  range  and  pre¬ 
sent  a  rather  complex  and  laborious  problem.  This  fact  might  render 
much  more  difficult  the  spreading  of  thermodynamic  methods  of  investi¬ 
gation  of  various  procc,  ses,  but  at  the  beginning  of  the  thirties  en¬ 
tirely  new  methods  were  developed  for  the  determination  of  the  thermo¬ 
dynamic  properties  of  gases  by  virtue  of  the  progress  of  statistical 
physics  and  quantum  mechanics  and  thanks  to  the  success  achieved  in  in¬ 
vestigating  the  structure  of  atoms  and  molecules.  The  development  of 
these  methods  made  it  possible  to  calculate  the  thermodynamic  proper¬ 
ties  of  gases  on  the  basis  of  studying  the  spectra  and  the  structure  of 
molecules. 

Owing  to  the  fact  that  the  statistical  methods  of  calculation  are 
very  accurate  and  rather  simple  and  that  these  methods  can  be  used  in 
order  to  calculate  the  thermodynamic  properties  of  gases  at  temperatures 
which  cannot  be  reached  in  calorimetric  measurements,  within  a  short 
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time  tables  of  the  thermodynamic  properties  of  several  tens  of  the  most 
important  gases  were  calculated  for  a  wide  temperature  range.  Though 
the  methods  developed  permit  the  calculation  of  the  thermodynamic  pro- 
perties  of  gases  only  in  the  state  of  an  ideal  gas,  this  does  not  re¬ 
sult  in  a  perceptible  limitation  of  the  possibilities  of  applying  the 
calculated  values,  since  in  most  practical  problems  especially  in  the 
investigation  of  high-temperature  processes,  the  gases  may  in  fact  be 
considered  ideal  gases.  Furthermore,  the  deviations  of  the  thermodynam- 
properties  of  gases  from  the  properties  of  an  ideal  gas  can  in  many 
cases  be  taken  into  account  by  appropriate  corrections. 

It  was  the  aim  of  the  present  edition  to  create  a  Handbook  of  the 
thermodynamic  properties  of  individual  substances,  which  must  be  known 
for  thermodynamic  investigations  of  a  wide  range  of  various  thermotech¬ 
nical  and  chemical  processes  occurring  at  high  temperatures.  The  pre¬ 
sent  Handbook  surpasses  all  handbooks  and  summaries  known  in  literature 
(references  on  thermodynamic  functions  of  gases,  substances  In  solid 
and  liquid  states,  and  heats  of  formation  see  Chapters  2  4)  both  with 

regard  to  the  number  of  elements  considered  (31)  and  to  the  total  num¬ 
ber  of  substances  (335) >  as  well  as  to  the  temperature  range  for  which 
the  tables  of  thermodynamic  properties  are  calculated. 

Unlike  the  majority  of  the  otner  handbooks  and  summaries,  which 
represent  a  compilation,  the  tables  of  the  present  Handbook  were  calcu¬ 
lated  by  the  authors  themselves.  The  calculations  were  made  on  the  bas- 
sis  of  values  of  the  initial  constants  assumed  as  a  result  of  a  criti¬ 
cal  analysis  of  the  data  published  in  literature  up  to  the  end  of  196c 
(partially,  use  was  made  of  data  published  in  1961).  In  all  cases  the 
choice  of  the  calculation  method  was  decided  by  the  completeness  of  the 
data  necessary  for  the  calculation.  In  the  Handbook  the  choice  of  all 
constants  used  in  the  calculations  is  substantiated,  the  methods  of  cal- 


culation  used  in  each  concrete  case  are  described  and  the  results  of 
calculation  are  compared  with  literature  data  published  earlier.  For 
all  tables  of  the  thermodynamic  functions  and  equilibrium  constants  the 
accuracies  are  given,  allowing  for  the  errors  of  the  constants  used  in 
the  calculations  and  the  errors  of  the  calculation  methods  applied.  For 
all  substances  considered  in  the  Handbook  (excluding  AlgO^)  tables  of 
the  thermodynamic  properties  of  the  corresponding  .Ideal  gases  we  re  cal¬ 
culated. 

Since  a  large  number  of  hardly  volatile  substances  is  dealt  with 
in  the  Handbook,  data  on  the  thermodynamic  properties  of  these  substan¬ 
ces  in  solid  and  liquid  states  and  also  data  on  their  vapor  pressures 
are  needed  for  the  calculation  of  the  equilibrium  of  the  reactions  in 
which  they  participate.  Therefore  the  corresponding  data  have  been  en¬ 
tered  in  the  Handbook  for  all  substances  whose  vapor  pressures  reach  up 
to  100  atm  at  temperatures  higher  than  100C°K. 

The  Handbook  consists  of  two  volumes.  Volume  I  gives  a  short  des¬ 
cription  of  the  theoretical  and  methodical  problems  connected  with  the 
calculation  of  tables  of  the  thermodynamic  properties  of  individual 
substances  (Part  l),  reasons  are  given  for  the  choice  of  the  constants 
used  in  the  calculation  of  the  tables  of  the  thermodynamic  properties 
of  each  substance  (Parr  2),  and,  moreover,  some  auxiliary  material  is 
given  which  is  necessary  to  calculate  the  thermodynamic  properties 
(Part  3)*  Volume  II  contains  380  tables  of  the  thermodynamic  properties 
of  335  substances  and,  moreover,  43  supplementary  tables  containing  the 
virial  coefficients  and  their  derivatives  of  34  gases,  the  virial  coef¬ 
ficients  and  their  derivatives  of  34  gases,  the  coefficients  of  the-  in¬ 
terpolation  formulas  for  the  thermodynamic  properties,  and  var?ous  oth¬ 
er  data. 

Contents  of  Volume  I  of  the  Handbook.  In  Volume  I,  Part  1,  the 


methods  of  calculation  of  the  thermodynamic  properties  of  individual 
substances  are  described.  This  Fart  contains  four  chapters  in  which  the 
modern  concepts  of  the  energy  states  of  atoms  and  molecules  are  discus¬ 
sed,  which  are  necessary  for  the  calculation  of  the  thermodynamic  func¬ 
tions  of  gases  by  methods  of  statistical  thermodynamics;  moreover,  the 
statistical  methods  of  calculation  of  thermodynamic  functions  of  gases 
on  the  basis  of  the  data  of  their  molecular  constants,  the  methods  of 
calculation  of  the  thermodynamic  properties  of  substances  in  solid  and 
liquid  states  on  the  basis  of  calorimetric  measurements,  the  thermo¬ 
chemical  values  needed  in  the  calculation  of  the  thermodynamic  proper¬ 
ties  of  substances,  and  the  methods  of  their  calculation  and  evaluation 
are  described.  Besides  the  statement  of  the  problems  mentioned,  the  f.u  - 
damental  reference  literature  is  discussed  in  these  chapters;  it  yield:: 
data  on  the  molecular  constants,  thermodynamic  properties  and  thermo- 
chemical  values. 

The  second  part  of  Volume  1  contains  27  chapters  (Chapters  3  -  31) > 
in  each  of  which  data  are  listed  for  the  compounds  of  one  or  more  ele¬ 
ments  with  similar  properties.  As  a  rule  these  chapters  consist  of  an 
introduction  and  four  divisions  which  respectively  treat:  a)  the  ener¬ 
gy  states  and  constants  of  th.  atoms  and  molecules  of  the  gases  consid¬ 
ered;  b)  the  calculations  of  the  thermodynamic  functions  of  gases;  c) 
the  thermodynamic  properties  of  substances  in  condensed  state;  d)  the 
heats  of  formation,  energies  of  dissociation,  and  heats  of  suolU.ucion. 
The  introductions  to  Chapters  5-32  deal  with  problems  connected  with 
the  definition  of  the  set  of  compounds  of  the  given  element  discussed 
in  the  Handbook,  and  indicate  which  other  compounds  of  this  element  may 
play  an  essential  role  at  high  temperatures  in  the  various  systems. 

Thr  divisions  with  the  title  "Molecular  Constarts"  substantiate 
th'  choice  vf  the  molecular  constants  of  the  compounds  of  elements  cc>  - 
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sidered  in  the  respective  chapter,  and  also  of  the  energy  levels  of  the 
atoms  of  these  elements.  The  accepted  values  of  the  constants  are  list¬ 
ed  in  special  tables.  The  Tables  "Energy  Levels  of  the  Atom  (ion)..." 
contain  the  excitation  energies  and  the  statistical  weights  of  the  elec¬ 
tron  levels,  which  are  taken  into  account  in  calculating  the  thermody¬ 
namic  functions  of  the  corresponding  monatomic  gas.  The  Tables  "Accep¬ 
ted  Values  of  Molecular  Constants..."  give,  for  diatomic  molecules,  the 
values  of  the  oscillation  frequencies  o> exe,o>eye . . . ,  the  anharmonicity 
constants  orx  ,  o>  y  . . . ,  the  rotation  constants  b_,  the  interaction  con- 

G  G  G  G  G 

stants  a-^  and  c^,  the  constants  D£  of  centrifugal  elongation,  the  inter¬ 
atomic  equilibrium  distances  r  ,  and  other  constants  for  all  electron 
states  of  the  molecules  of  the  gas  in  question,  which  are  taken  into  ac¬ 
count  in  the  subsequent  calculations  of  its  thermodynamic  functions, 
and  also  the  excitation  energies  of  these  states. 

Analogous  '■  hies  contain  the  corresponding  constants  of  multiatom- 
ic  molecules  as  Lar  as  they  are  known  (except  for  the  structural  para¬ 
meters,  wh.’ch  are  not  given  in  the  tables  but  in  the  text)  and  also  the 
degree  of  symmetry  of  the  molecules  and  the  degree  of  degeneration  of 
the  vibration  frequencies.  Since  for  a  majority  of  multiatomic  mole¬ 
cules  the  values  of  the  normal  vibration  frequencies  and  of  the  rota¬ 
tional  constants  are  not  known,  as  a  rule  the  values  of  the  fundamental 
frequencies  vn  and  the  products  of  the  principal  moments  I^I^Ip  c  in¬ 
ertia  are  tabulated  (see  pages  106  and  198?). 

Of  many  substances  considered  in  the  Handbook  there  are  no  experi¬ 
mental  data  on  the  values  of  the  constants  of  their  molecules,  which 
were  necessary  to  calculate  the  thermodynamic  functions.  In  such  cases 
tl e  tables  mentioned  above  contain  the  values  of  constants  obtained  by 
the  authors  of  the  Handbook  by  way  of  different  approximate  estimations; 
the  text  of  the  corresponding  divisions  substantiates  the  choice  of  the 


constants  chosen  according  to  experimental  data,  and  describes  the  me¬ 
thods  of  estimation. 

The  Sections  entitled  "Thermodynamic  Functions  of  Gases"  specify 
the  method  of  calculating  the  functions  of  the  gases  treated  in  the  res¬ 
pective  chapter,  and  the  accuracy  of  the  calculated  values  of  tne  ther¬ 
modynamic  functions.  The  constants  of  the  calculation  formulas  used, 
determined  on  the  basis  of  the  accepted  values  of  the  molecular  con¬ 
stants  of  these  gases,  are  listed  in  special  tables  headed  "Values  of 
the  Constants  Used  in  the  Calculation  of  the  Thermodynamic  Functions 
of..."  In  the  same  sections  a  brief  discussion  is  given  of  the  calcula¬ 
tions  of  the  thermodynamic  functions  of  the  gases  considered,  which 
have  been  published  in  literature;  for  such  cases  where  they  differ  es¬ 
sentially  from  the  values  given  in  the  corresponding  tables  of  Volume 
II  of  the  present  Handbook,  the  causes  of  the  deviations  and  the  pos¬ 
sible  sources  of  the  errors  are  indicated. 

The  calculations  of  the  thermodynamic  properties  of  substances  in 
solid  and  liquid  states  are  dlscusi  :d  in  the  Sections  "Thermodynamic 
Properties  of  Substances  in  Solid  and  Liquid  States",  which  deal  with 
the  results  of  the  analysis  of  the  experimental  data  necessary  for  the 
calculation,  as  well  as  the  estimations  carried  out  by  the  authors  of 
the  Handbook.  Special  tables,  headed  "Accepted  Values  of  the  Thermody¬ 
namic  Quantities  of  . . . , "  give  the  values  of  the  entropy  ^  and 

those  of  the  changes  of  the  enthalpy  — 1 H£,  the  equations  for  the 

specific  heats  of  the  substances  in  solid  and  liquid  states-  and  also 
the  melting  points  and  heats  of  melting  and  polymorphous  isforma- 
tions,  provided  the  latter  were  taken  into  account  in  calculating  the 
thermodynamic  properties.  A  number  of  chapters  does  not  contain  the  Sec¬ 
tion  "Thermodynamic  Properties  of  Substances  in  Solid  and  Liquid 
St\tes,"  since  these  chapters  only  deal  with  substances  in  gaseous 
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state. 


The  closing  Section  "Thermochemical  Values"  of  each  chapter  deals 
with  the  choice  of  the  heats  of  formation  and  sublimation  and  that  of 
the  energies  of  dissociation  and  ionization  of  the  substances  treated 
in  the  respective  chapter.  The  values  accepted  for  energies  of  disso¬ 
ciation  and  ionization  and  the  sublimation  heat  at  0°K,  the  heat  of  for¬ 
mation  at  0,  293.15>  and  298. 15°K,  and  also  the  changes  of  the  enthal¬ 
pies  15  —Hq  and  ^298  15  are  Siven  in  tabular  summaries  at  the 

end  of  the  chapter  for  all  substances  treated  in  it. 

Part  3  of  Volume  I  deals  with  the  accepted  values  of  atomic 
weights  and  the  data  on  the  occurance  and  the  spins  of  the  nuclei  of 
the  stable  isotopes  of  the  elements  treated  in  the  Handbook  (Supplement 
l),  the  accepted  values  of  the  fundamental  physical  constants  and  of 
the  conversion  factors  of  the  energy  units  (Supplement  2),  the  formu¬ 
las  needed  to  calculate  the  principal  moments  of  inertia  of  the  mole¬ 
cules  and  their  products  from  the  structural  parameters  (Supplement  3), 
and  the  relations  linking  the  vibration  frequencies  and  the  force  con- 
stants  of  polyatomic  molecules  for  various  models  of  the  molecular 
field  of  force  (Supplement  4).  The  formulas  quoted  in  the  last  two  sup¬ 
plements  were  used  in  the  present  Handbook  in  order  to  estimate  the 
molecular  constants,  and  in  other  calculations.  Supplement  5  deals  with 
the  methods  of  calculating  the  corrections  to  the  values  of  the  thermo¬ 
dynamic  functions  of  ideal  gases,  allowing  for  intermolecular  reaction; 
in  the  same  supplement  the  data  needed  to  calculate  the  corresponding 
corrections  for  34  gases  are  discussed.  Supplement  6  contains  data  on 
the  critical  constants  of  a  number  of  substa.  ^es  considered  in  the 
Handbook. 

The  Contents  of  Volume  II  of  the  Handbook.  Volume  II  contains  3S0 
tables  of  the  thermodynamic  properties  of  335  substances;  4  tables  of 
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the  coefficients  in  interpolation  formulas  which  approximate  the  ther¬ 
modynamic  properties  of  gases  at  temperatures  of  293-15  to  6000°K;  1 
table  of  the  nuclear  components  in  the  values  of  and  3^,  of  substan¬ 
ces  considered  in  the  Handbook;  4  tables  of  equilibrium  constants  of 
the  dissociation  reactions  of  some  gases  and  34  tables  of  the  virial 
coefficients  and  their  derivatives. 

Each  table  of  thermodynamical  properties  of  gases  contains  the 

values  of  the  reduced  thermodynamic  potential  $T,  of  the  entropy  S.^,  of 

the  change  of  enthalpy  —  Hq  and  the  total  enthalpy  and  also  log 

K  and  K  ,  where  K  is  the  equilibrium  constant  of  the  reactions  of 
P  P  P 

dissociation  or  ionization  (the  latter  are  not  contained  in  the  tables 
of  thermodynamic  properties  of  monatomic  neutral  gases).  The  values  of 
the  above  thermodynamic  properties  are  given  for  the  temperatures  of 
293-15°  298.15#  400  and  then  for  every  other  100°  up  to  6000°K.  The 
tables  of  22  gases  also  contain  the  data  for  temperatures  higher  than 
6000°K,  and  this  for  all  other  200°  up  to  10,000°K,  and  then  for  all 
other  500°  up  to  20,000°K.  The  thermodynamic  functions  of  ideal  gases 
for  a  pressure  of  1  atm  (760  mm  Hg)  are  all  given. 

In  order  to  facilitate  the  interpolation,  the  first  differences 
of  the  values  of  <J>^,  S£,  —  Hq,  and  log  Kp  are  also  listed  in  the 

tables. 

The  tables  of  the  thermodynamic  properties  of  substances  in  con¬ 
densed  state  give  the  values  of  the  specific  heat  C°,  the  reduced 

* 

thermodynamic  potential  the  entropy  S^,  the  change  of  enthalpy 
—  Hq,  the  total  enthalpy  1^,  the  logarithm  of  the  saturated  vapor 
pressure,  log  p,  the  vapor  pressure  p,  and  also  the  values  of  the  first 
differences  of  S£,  —  Hq,  1^  and  log  p.  The  tables  of  the  thermo¬ 

dynamic  properties  of  substances  in  condensed  states  contain  the  data 
for  the  temperatures  of  293-155  298.15;  400°  and  then  for  every  other 


100 °K  up  to  a  temperature  at  which  the  vapor  pressure  reaches  a  value 
of  the  order  of  100  atm.  These  tables  also  give  the  values  or  the  ther¬ 
modynamic  properties  at  the  melting  point  and  at  the  temperatures  of 
polymorphous  transformations  of  the  substance. 

All  values  of  the  thermodynamic  functions  in  the  tables  of  thermo¬ 
dynamic  properties  have  the  dimension  of  cal/mole  and  cal/mole*degree, 

A 

the  constants  of  equilibrium  and  the  vapor  pressures  are  given  in  phys¬ 
ical  atmospheres  (760  mm  Hg). 

The  Layout  of  the  Material  of  the  Handbook.  The  layout  of  the  ma¬ 
terial  in  the  Chapters  5  —  31  of  Volume  I  of  the  Handbook  and  also  the 
layout  of  the  tables  of  Volume  II  was  done  according  to  the  principles 
governing  the  compilation  of  modern  thermochemical  handbooks  (see  Vol. 
II,  Pig.  1).  Correspondingly  the  data  for  oxygen  are  listed  first,  then 
those  for  hydrogen,  of  its  isotopes  and  their  oxygen  compounds,  fol¬ 
lowed  by  helium  and  the  other  elements  of  the  group  of  Inert  gases, 
fluorine  and  the  other  halogens,  and  then  the  elements  of  all  the  groups 
of  the  Periodic  System  Including  the  elements  of  the  first  group.  For 
each  element  Its  compounds  with  all  foregoing  elements  are  listed,  first 
the  monatomic  compounds,  then  the  diatomic  followed  by  the  compounds 
with  a  growing  number  of  atoms. 

It  must  be  mentioned  that  this  order  Is  rigidly  observed  only  in 
the  layout  of  the  tables  of  Volume  II  and  in  the  Divisions  "Thermodynam¬ 
ic  Properties  of  Substances  In  Condensed  States"  and  "Thermochemical 
Values"  of  the  chapters  of  Volume  I.  In  the  Sections  "Molecular  Con¬ 
stants"  and  "Thermodynamic  Functions"  of  each  chapter  the  data  of  the 
monatomic  substances  are  discussed  first,  then  those  of  the  diatomic 
ones,  and,  finally,  those  of  polyatomic  compounds;  in  each  group  the 
sequence  of  treatment  depends  on  the  nature  of  the  material;  as  regards 
the  assignment  of  the  material  to  the  Individual  chapters,  as  a  rule 
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each  chapter  deals  with  the  compounds  of  a  single  element  (or  a  number 
of  elements  with  similar  properties).  The  carbon  compounds,  which  are 
treated  in  six  chapters,  and  the  hydrogen  halides,  which  constitute  an 
own  chapter,  are  exceptions. 

The  Chosen  Nomenclature  of  Chemical  Compounds.  For  the  Inorganic 
compounds  teated  in  the  Handbook  in  general  this  nomenclature  was  ob¬ 
served  which  corresponds  with  the  Project  of  the  Nomenclature  of  Inor¬ 
ganic  Compounds,  developed  by  the  Commission  of  the  Terminology  of 
Chemical  Compounds  at  the  Division  of  Chemical  Sciences  of  the  Academy 
of  Sciences  USSR,  reporter  on  the  VIII  Mendeleyev  Congress  (see  [338a]). 
Some  deviations  from  this  nomenclature  serve  the  purpose  of  avoiding 
cumbersome  terms,  but  only  if  misunderstandings  are  impossible.  Thus, 
P^Og  was  not  termed  four-six  phosphorus  oxide,  as  proposed  by  the  Com¬ 
mission,  but  was  allotted  the  common  term  of  phosphorus  trioxide 

For  organic  compounds  such  as  the  halogen  derivatives  of  methane, 
ethylene,  and  acetylene,  the  rational  nomenclature  is  used,  and  custo¬ 
mary  names  are  used  for  the  other  compounds.  This  cannot  give  rise  to 
misunderstandings,  since  the  Handbook  does  not  contain  compounds  con¬ 
sisting  of  more  than  two  carbon  atoms  (with  the  exception  of  C^  and 
C^Og).  All  terms  and  the  formulas  of  the  corresponding  compounds  are 
listed  in  the  Index  of  Tables  of  Volume  II. 

The  Chosen  Terminology  and  the  Measuring  Units.  The  Handbook  uses 
the  nomenclature  and  the  terminology  recommended  by  the  International 
Union  of  Theoretical  and  Applied  Chemistry  (see  [367a])  and  the  Inter¬ 
national  Union  of  Theoretical  and  Applied  Physics  (see  [2230,  2836, 
3423]),  with  the  exception  of  such  cases  where  thi3  recommendation  is 
essentially  different  from  the  terminology  applied  in  the  Soviet  Union. 
A  survey  of  the  symbols  and  terms  chosen  in  this  Handbook  is  given  at 
tte  end  of  Volume  I. 
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The  values  of  the  fundamental  physical  constants  are  chosen  accord¬ 
ing  to  the  paper  of  Cohen,  Du  Mond,  Layton,  and  Rollett,  published  in 
1955  [ 1143 ] ,  and,  as  regards  the  absolute  thermodynamic  temperature 
scale,  according  to  the  XI  General  Conference  on  Measures  and  Weights. 
The  accepted  values  of  constants  and  conversion  factors  for  the  energy 
units  are  quoted  in  Supplement  2. 

In  accordance  «*‘.h  the  custom  of  modern  literature  on  chemical 
thermodynamics  and  thermochemistry  and  in  agreement  with  the  recommen¬ 
dation  of  the  Commission  on  Chemical  Thermodynamics  at  the  Division  of 
Chemical  Sciences  of  the  Academy  of  Sciences  USSR  (see  [344a]),  in  the 
Handbook  all  thermal  units  are  given  in  calories  per  gram-mole,*  using 
the  following  relation  between  calory  and  absolute  joule: 

1  cal  =  4.1840  absolute  joules, 

and  the  atomic  weights  are  given  according  to  the  chemical  Beale  (see 
Supplement  1). 

The  values  of  all  thermodynamic  properties  are  calculated  for  the 
substances  in  standard  state.  The  standard  state  of  a  pure  solid  or 
liquid  substance  is  its  state  at  a  temperature  of  298.15°K  and  a  pres¬ 
sure  of  1  physical  atmosphere.  The  standard  state  of  a  gas  at  any  tem¬ 
perature  is  assumed  to  be  its  hypothetical  state,  when  its  vapor  pres¬ 
sure  is  equal  to  1  acm.  For  ideal  gases  this  state  is  identical  with 
the  gas  state  at  a  pressure  of  1  atm. 

The  Numeration  of  the  References,  Equations  and  Figures.  The  pre¬ 
sent  Handbook  contains  a  coordinated  list  of  references,  which  is  pre¬ 
ceded  by  a  list  of  reports  concerning  the  experimental  investigations 
carried  out  when  preparing  the  present  Handbook.  The  list  of  abbrevia¬ 
tions  chosen  for  periodicals,  and  the  Russian  transcription  of  the  names 
of  foreign  authors  is  based  on  the  recommendations  of  the  Institute  for 
Scientific  Information  of  the  Academy  of  Sciences  USSR. 


Each  equation  given  in  the  Handbook  has  a  double  numeration  speci¬ 
fying  the  chapter:  the  first  (roman)  figure  denotes  che  number  of  the 
chapter,  the  second  (arabic)  figure  the  number  of  the  equation  within 
the  chapter;  with  the  equations  of  the  Supplement,  the  letter  "P"  and 
the  number  of  the  Supplement  is  given  instead  of  the  roman  figure.  The 
numeration  of  the  tables  and  figures  is  continuing  throughout  each  vol¬ 
ume.  In  order  to  avoid  possible  mistakes  all  references  to  tables  of 
Volume  II  contain  an  indication  as  to  the  volume  in  words,  or  the  num¬ 
ber  of  the  volume  is  given  in  parentheses  following  the  number  of  the 
table.  For  example:  Table  126  of  Volume  II  of  the  Handbook,  or  Table 
126  (II).  If  reference  Is  made  to  tables  of  Volume  I,  the  number  of  the 
volume  is  not  mentioned. 


Manu¬ 

script 

Page 

No. 


[Footnotes] 


29  For  elements  and  monatomic  gases  the  gram-mole  Is  assumed 

to  be  identical  with  the  gram-atom. 
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Part  One 


METHODS  OF  CALCULATION  OF  THERMODYNAMIC  PROPERTIES 

OF 

INDIVIDUAL  SUBSTANCES 


§1.  GENERAL  RELATIONSHIPS  BETWEEN  THE  THERMODYNAMIC  QUANTITIES 


For  heat  engineering  calculations  as  well  as  for  the  calculation 
of  chemical  processes  occuring  at  constant  pressure,*  two  thermodyna*.. 
ic  properties,  the  entropy  ST  and  the  enthalpy  H^,  must  be  known  of 
each  substance  participating  in  these  processes.  In  order  to  calculate 
the  equilibrium  of  chemical  reactions  and  to  determine  the  equilibrium 
compositions  resulting  from  any  processes  in  the  system  Investigated, 
we  must  also  know  the  equilibrium  constants  of  all  independent  chemi¬ 
cal  reactions  possible  In  the  system  given.  In  the  case  of  ideal  gases 
the  equilibrium  constant  Kp  of  the  chemical  reaction 

+  V|X«  -f-  V|X*  +  ...  It  +  V*X*  +  ...  (l) 

(v^  —  is  the  number  of  moles  of  the  substance  X,),  which  occurs  at  con¬ 
stant  pressure  and  at  the  temperature  T,  Is  determined  by  the  formula 


K* 


»*  **  *» 
P  •  P  •  P  9 
rx  X  rx 

«  »  I 

»»»,»» 
p  p  p 
X%  X,  X, 


(2) 


where  oY  is  the  equilibrium  partial  pressure  of  the  substance  X..** 

•Xf 

The  value  of  Kp  may  be  calculated  from  the  values  of  the  isobaric-iso- 
thermic  potential  G^,  if  it  is  known  for  all  substances  participating 
in  the  reaction  considered: 


RT  InKf  —  —  A  Or  -  *i<?r  (X[)  +  (Xi)  +  v&  (Xi)  + . . .  -  (Xi)  -  (3) 

-»,C*r(XI)-v,Gr(XJ..., 

R  is  the  universal  gas  constant  (see  Supplement  2);  AG|  -  is  the  change 
of  the  Isobaric-isothermic  potential  of  the  system  as  a  result  of  the 
reaction  (l).***  The  isobaric-isothermic  potential  G°,  simply  called 
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the  thermodynamic  potential  in  what  follows,  is  connected  with  the  en¬ 
tropy  and  enthalpy  by  the  following  simple  relation 

(4) 

so  that  in  order  to  calculate  the  equilibrium  constant  of  reaction  (l) 
we  have  instead  of  Eq.  (3) 

R!n/CP»AS;--^L,  (5) 

where  AS°  and  —  are  the  change  in  entropy  and  enthalpy,  respective¬ 
ly,  of  the  system  at  the  temperature  T,  caused  by  reaction  (1),  and 
is  the  thermal  effect  of  the  reaction  at  the  same  temperature. 

We  have  already  noted  that  the  experimental  determination  of  the 
thermodynamic  function-  gases.  Including  the  entropy  and  enthalpy, 
present  a  rather  complex  problem,  which  at  present  cannot  be  solved  at 
temperatures  higher  than  1000°K.  In  spite  of  ;hat  the  values  of  the 
thermodynamic  functions  of  any  gas  can  be  c.  ..culated  theoretically,  if 
the  energy  states  of  its  molecules  are  known.  The  thermodynamic  func¬ 
tions  are  expressed  by  a  statistical  sum  or  the  sum  of  the  states  of 
the  molecules  (or  atoms  in  the  case  of  monatomic  gases).  The  statisti¬ 
cal  sum  is  given  by  the  formula 

«-<Swe.p(~ (6) 

where  —  is  the  energy  of  the  Ith  level  of  the  molecule  (or  atom), 
eQ  -  is  the  level  energy  corresponding  to  the  minimum  values  of  the 
quantum  numbers,  p^^  -  is  the  statistical  weight  of  the  ith  level,  k 
is  Boltzmann* 8  constant  (see  Supplement  2),  and  T  is  the  temperature 
of  the  gas. 

In  this  case  the  thermodynamic  functions  of  one  mole  of  an  ideal 
gas  consisting  of  identical  molecules  (or  atoms),  at  constant  pressure, 
are  connected  with  the  quantity  Q  and  its  derivatives  by  the  following 
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+.«r  (^9),. 

(7) 

(8) 

Orpffi  +  OTIn-g-. 

(9) 

(10) 

Hq  is  the  enthalpy  of  the  gas  at  0°K  or  the  zero  energy  of  the  gas. 

Though  Eqs.  (7)  —  (10)  only  permit  the  calculation  of  the  values 
of  the  thermodynamic  functions  of  a  gas  at  constant  pressure,  analo¬ 
gous  functions  at  constant  volume  (internal  energy  1^,  isochoric-iso- 
thermal  potential  f™,  constant-volume  specific  heat  C°)  can  he  cal¬ 
culated  from  the  following  equations: 

Et^Ht-RT,  (11) 

Ft  =  Gt—RT,  (12) 

Cl**C*,-~R.  (13) 

It  results  from  Eqs  \  )  —  (10)  that  the  theoretical  calculations 
of  the  values  of  the  enthalpy  and  of  the  thermodynamic  potential 

through  the  statistical  sum,  which,  just  as  the  experimental  measure¬ 
ments,  are  based  on  the  third  law  of  thermodynamics,  only  permit  the 
determination  of  the  difference  of  these  functions  at  different  tempera¬ 
tures,  e.g. ,  between  a  given  temperature  and  0°K.  This  fact,  however, 
does  not  raise  any  fundamental  difficulties  in  the  subsequent  calcula¬ 
tions,  since,  in  order  to  investigate  arblt-  ary  processes,  we  need  not 
vnow  the  absolute  values  of  the  enthalpy  and  the  thermodynamic  poten¬ 
tial,  but  only  the  values  of  their  changes  caused  by  the  chemical  reac¬ 
tions  occuring  in  the  system,  or  the  change  in  the  system’s  temperature. 
In  particular,  another  equation  can  be  obtained  for  the  equilibrium 
constant  of  the  reaction  (l)  Instead  of  Eq.  (3),  an  equatJon  which  is 
more  '  jnvenlent  for  the  calculation  of  the  termodynamic.  functions  of 
gases  by  statistical  methods: 
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m.  1/  A(Or**ffi)  _AW»'_  AA»i  A//*  /iii\ 

J?inA,“.-r  -f  — * - rf - f*  A<Pr» — f“»  ( 14) 

where  AH£  -  is  the  change  In  enthalpy  caused  by  the  chemical  reac- 

.  * 

tion  or  the  thermal  effect  of  the  reaction  at  0°K;  A$,p  —  is  the  change 
In  reduced  thermodynamic  potential. 


4>r  * 


Or -Hi 


T 


r 


at  the  temperature  T°K.* 

As  may  be  seen  from  Eqs.  (8),  (9),  and  (15),  the  reduced  thermod- 
* 

dynamic  potential  $>T,  is  proportional  to  the  natural  logarithm  of  the 
statistical  sum 


<*4=  /Mu-£,  (16) 

and  its  absolute  value  may  be  calculated  in  the  same  way  as  the  values 
of  the  entropy  8}  and  the  specific  heat  C‘. 

When  calculating  the  thermodynamic  functions  the  statistical  sum 
is  represented  in  terms  of  a  product  of  the  components  of  the  statisti¬ 
cal  sum  which  are  connected  with  the  progressive  motion  of  the  gas  par¬ 
ticles  and  their  intramolecular  motions.  Correspondingly,  thrt  thermody¬ 
namic  functions  of  the  gas,  which  are  proportions1  to  the  logarithm  of 
the  statistical  sum  and  its  derivatives,  are  equa..  to  the  sum  of  the 
logarithms  of  the  components  of  the  statistical  sum,  connected  with 
the  progress ve  and  intramolecular  motions.  With  ideal  gases,  the  com¬ 
ponents  of  the  progressive  motion  are  simple  functions  cf  the  tempera¬ 
ture  and  pressure  of  the  gas  (see  p.124),  and  the  intramolecular  com¬ 
ponents  depend  essentially  on  the  structure  of  the  molecules  or  atom?  of 
the  gas.** 

Ir  oases  where  the  corresponding  data  are  known  from  experimental 
investigations  (for  example  as  a  result  of  spectroscopic  investigations) 
or  where  they  may  be  estimated  theoretically,  the  intramolecular  com- 
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ponents  may  be  calculated  with  a  certain  degree  of  accuracy  depending 
on  the  accuracy  of  the  method  of  calculation  applied.  Appropriate  me¬ 
thods  are  described  in  Chapter  II. 

At  present,  in  contrast  to  the  thermodynamic  functions  of  gases, 
the  thermodynamic  functions  of  substances  in  condensed  state  cannot 
be  calculated  theorethically,  but  are  determined  on  the  basis  of  re¬ 
sults  of  calorimetric  measurements  of  their  specific  heats  or  of  the 
change  in  enthalpy,  as  well  as  of  the  heats  of  phase  transitions  and 
polymorphous  transitions  from  0°K  to  the  temperature  range  in  question 
Since  at  0°K  the  specific  heats  and  the  entropies  of  pure  substances 
in  crystalline  state  are  equal  to  zero,  we  have 

A  H® 


Tdi 


JKO  » 


(17) 
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where  AHVA7  and  T'-1-'  -  are  the  heats  and  temperatures  of  phase  trans¬ 
itions  and  polymporphous  transitions.  The  enthalpy  (and  intrinsic  ener¬ 
gy)  of  solids  as  well  as  that  of  gases  is  not  vanishing  at  0°K  and 
cannot  be  measured  or  calculated.  Thus,  measurements  of  the  specific 
heats  and  of  the  heats  of  phase  transitions  and  polymorphous  transi¬ 
tions  yield  only  the  difference  of  the  enthalpies  of  the  substance  at 
at  the  given  temperature  and  at  0°K: 

r 


Hr —  H\  ~  J  CfdT  +  ^ 


(18) 


If  the  change  in  enthalpy  and  entropy  of  the  substances  have 

* 

been  determined,  the  values  of  the  thermodynamic  potential  $>,p  may  be 
obtained  from  the  relation"  (15)  and  (4): 


•  ,  ttf  -//; 


(19) 


The  problems  connected  with  the  calculations  of  thermodynamic 
functions  of  substances  in  condensed  states  on  the  basis  of  calori- 
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metric  measurements  are  discussed  in  Chapter  3- 

At  the  beginning  of  this  section  we  mentioned  that  for  heat  engi¬ 
neering  calculations  and  calculations  of  the  equilibrium  of  chemical 
processes  two  thermodynamic  properties  must  be  known  for  each  substance, 
namely  the  entropy  S^,  and  the  enthalpy  H^,.  As  stressed  above,  theretl- 
cal  calculations  and  experimental  investigations  permit  the  determina¬ 
tion  of  the  absolute  value  of  only  one  of  these  quantities,  that  is  the 
entropy.  The  determination  of  the  absolute  value  of  the  enthalpy  of  a 
substance  (a  solid,  liquid  or  gaseous  one)  is  impossible,  since  its 
enthalpy  at  0°K  or  at  any  other  temperature  which  might  be  chosen  as 
the  reference  point,  remains  unknown.  This,  however,  does  not  cause 
ary  fundamental  difficulties  with  thermodynamic  calculations,  since 
it  is  s  ificient  to  know  the  change  in  enthalpy  of  a  substance  as  a  re¬ 
sult  of  the  change  in  temperatrre  of  the  system,  i. e. ,  the  value  of 
H£  -  H°,  and  the  change  in  enthalpy  of  the  system  caused  by  the  chemi¬ 
cal  processes  occurring  in  it,  i.e.,  the  value  of  Thus  it  is  pos¬ 

sible  to  use  instead  oi  the  absolute  values  of  the  enthalpy  their  rela¬ 
tive  values,  chosing  any  arbitrary  reference  system. 

In  modem  literature  the  choice  of  a  point  of  reference  for  the 
enthalpy  of  Individual  substances  (as  well  as  for  the  determination  of 
their  heats  of  formation)  is  usually  based  on  the  assumption  that  the 
enthalpy  of  the  elements  in  standard  states  is  equal  to  zero  at  a  cer¬ 
tain  temperature  TQ.  Standard  state  of  elements  is  termed  their  stable 
staoe  at  this  temperature  and  at  a  pressure  of  one  atmosphere.  It  is 
then  convenient  to  replace  the  absolute  enthalpy  H^,  which  cannot  be 
determined,  by  a  new  function,  which  in  heat-engineering  literatur  *■*. 
called  the  total  enthalpy  1^.  The  value  of  1^  is  equal  to  the  heat  of 
formation  of  the  given  substance  at  the  temperature  T  from  elements  in 
standard  states  at  the  temperature  Tq: 
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£  =  Atf7r.  +  //r (20) 

where  H£  and  H,p  are  the  enthalpy  of  the  substance  at  the  temperatures 
T  and  TQ, 

(Ht  -  Hi)  -  (Hi.  -  Hi) . 

AH0f,p  —  is  the  heat  of  formation  of  the  substance  from  the  elements  at 
10 

T0  and  p  =  1  atm. 

One  of  the  three  temperature  values  0,  293* 15»  or  298. 15°K  is  usu¬ 
ally  chosen  ac  the  reference  point  for  the  total  entropy.  As  most  engi¬ 
neering  publications,  the  present  Handbook  assumes  TQ  =  293.15°K.  Con¬ 
sequently,  we  have 

rr-A/r/mai+/rr-  H'm.u.  (21) 

The  Eqs.  (5),  (l4),  (20),  show  that,  besides  the  values  of  the 
thermodynamic  functions  S£,  and  Hj  —  Hq,  the  determination  of  the 
total  enthalpy  l£  and  the  equilibrium  constants  Kp  of  the  reaction, 
also  requires  data  on  the  heats  of  formation  of  the  substances  from  the 
elements  in  their  st  ndard  states  AH°fT  and  data  on  the  thermal  effects 
of  the  reactions  for  which  the  equilibrium  constants  are  calculated 
The  latter  can  only  be  calculated,  if  the  heats  of  formation  of  elements 
in  standard  state  are  known  for  all  substances  participating  in  the  re¬ 
action  given,  with  the  help  of  relation 

A Jfr  =  a  (A H'tT)  =  v;a//7t  (X[)  +  v;A H°fr  (Xt)  +  v,  A H%  (Xl)  +  ...-  ( 22 ) 

-  vtA W/r  (Xx)  -  vt A  H°fr  (X.)  -  v,  A  We/r  (X,)  - ... 

Let  us  recall  that  the  heat  of  formation  at  any  other  temperature 
may  be  found  by  means  of  the  relation 

A W(r-  AW7r#+A(tf*-W;<).  (23) 

if  the  heat  of  formation  of  the  substance  considered  is  given  at  the 
temperature  TQ;  A(H^  -  )  —  is  the  difference  of  the  changes  in  en¬ 

thalpy  the  given  substance  and  the  elements  in  their  standard  states 
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suffer  when  the  temperature  changes  from  TQ  to  T. 

In  order  to  calculate  the  compositions  of  complex  mixtures,  which 
may  form  in  the  system  as  a  result  of  some  kind  of  reaction,  we  must 
know  the  equilibrium  constants  of  all  independent  reactions  possible  in 
the  system  considered.  The  number  of  these  reactions  is  equal  to  the 
number  of  substances  which  constitute  the  system  minus  the  number  of 
the  elements  constituting  these  substances  (and  the  electron,  if  ion¬ 
ized  gases  take  part  in  the  reaction).  If  tables  of  thermodynamic  pro¬ 
perties  are  to  be  compiled  for  a  great  number  of  substances,  it  is  con¬ 
venient  to  calculate  the  equilibrium  constants,  of  all  compounds  for  one 
of  the  following  two  types  of  reactions:  the  reaction  of  formation  (or 
dissociation)  of  the  compounds  from  the  elements  in  standard  states  or 
of  the  reactions  of  dissociation  into  atoms.  It  is  an  essential  advan¬ 
tage  of  the  first  case  that  the  thermal  effect  corresponding  to  the  re¬ 
action  is  equal  to  the  heat  of  formation  of  the  substance  from  the  ele¬ 
ments  In  standard  state,  and  does  not  depend  on  the  data  for  other  sub¬ 
stances.  But  if  we  want  to  apply  the  equilibrium  constants  of  this  type 
in  high-temperature  calculations,  when  the  elements  are  In  states  dif¬ 
ferent  from  their  standard  state,  we  need  additional  data  on  the  pres¬ 
sure  of  the  saturated  vapors  of  these  elements.  Furthermore,  if  tne 
composition  of  complex  mixtures  is  calculated  on  electronic  computers, 
it  is  more  convenient  to  use  the  equilibrium  constants  of  the  atomiza¬ 
tion  reaction.  The  present  Handbook  therefore  gives  the  equilibrium  con¬ 
stants  of  their  reactions  of  dissociation  into  atoms  for  all  diatomic 
and  polyatomic  gases  (disregarding  charged  gases);  the  thermal  effects 
of  these  reactions  are  equal  to  the  dissociation  (or  atomization)  of 
the  molecules  of  '-he  corresponding  gases.  The  Ionization  constants  of 
the  corresponding  neutral  or  negatively  charged  gases  are  give:,  for 
charged  monatomic  or  diatomic  gases,  and  the  vapor  pressure,  which  is 


an  equilibrium  constant  of  the  sublimation  or  evaporation  reactions,  is 
given  for  substances  in  condensed  states.  It  is  evident  that  in  the 
latter  case 


ainK^/einp^AO;--^-,  (24) 

where  —  is  the  change  in  reduced  thermodynamic  potential  at  the 
evaporation  of  the  substance,  and  AHsQ  -  is  the  thermal  effec^  of  the 
sublimation  reaction  at  0°K. 

Chapter  4  deals  with  the  problems  connected  with  the  determina¬ 
tion  of  the  heat  of  formation  and  heat  of  sublimation  of  substances 
and  also  with  the  determination  of  their  dissociation  and  ionization 
energies. 

The  present  part  of  the  Handbook  (Chapters  1-4)  does  not  claim 
to  give  a  complete  representation  of  the  material  concerned.  As  a  rule, 
only  those  problems  have  been  treated  which  are  immediately  connected 
with  the  calculation  of  th,  tables  of  thermodynamic  properties  listed 
in  Volume  II.  The  corresponding  sections  also  contain  indications  as  to 
the  most  important  literature  for  each  individual  question.  The  read¬ 
der  is  assumed  to  be  familiar  with  the  courses  on  physics,  physical 
chemistry  and  thermodynamics  to  an  extent  which  corresponds  to  the 
course  of  Instruction  of  the  chemical  or  heat-engineering  higher  in- 

t 

stltutes  of  learning.* 

[Footnotes] 

Modern  engineering  processes  are  carried  out,  as  a  rule,  at 
constant  pressure.  The  corresponding  thermodynamic  properties 
at  constant  volume  may  be  determined  by  means  ci  the  rela-* 
tions  given  on  pages  33  and  34,  when  the  thermodynamic  pro¬ 
perties  of  the  substance  at  constant  pressure  are  known. 

For  real  gases  the  partial  pressures  in  Eq.  (2)  are  replaced 
by  their  volatilities  fY  . 

Ai 
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32* 


32** 


32***  Here  and  In  the  following  the  cnange  of  any  thermodynamic 
property  means  the  difference  between  its  values  for  the 
sum  of  reaction  products  and  the  sum  of  the  initial  sub¬ 
stances.  The  sign  0  means  that  the  corresponding  function 
or  its  change  are  related  to  the  standard  state  of  the  sub¬ 
stance. 

35*  Instead  of  the  function  some  papers  use  a  somewhat  dif¬ 

ferent  reduced  potential,  which  can  be  designated  by  the  sym¬ 
bol  4U,,  and  which  is  connected  with  the  corresponding  func¬ 
tions1  considered  above  by  the  relation 


•r— 


- f - “®r  H - f - * 


(15a) 


Thus,  instead  of  Eq.  (l4)  we  obtain  the  following  equation 
for  the  equilibrium  constant : 

Ajj* 

*ln/C,-A«V - (l4a) 

where  AK^g  ^  —  is  the  thermal  effect  of  the  reaction  at 
298. 15 °K. 

35**  Problems  of  structure  and  energy  states  of  atoms  and  molecules 

are  treated  in  Chapter  1. 

40  Cf . ,  for  example,  Kireyev,  Kurs  f izicheskoy  khimii  [Course 

on  Physical  Chemistry L  L225];  Brodskiy,  Fizlcheskaya  khimiya 
[Physical  Chemistry j,  199]  i  Karapet ’yants,  Khimicheskaya  ter- 
modinamika  [Chemical  Thermodynamics],  [2l4]. 
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Chapter  1 

ENERGY  STATES  OF  ATOMS  AND  MOLECULES 
In  order  to  calculate  the  thermodynamic  functions  of  gases  by 
means  of  the  statistical  sum  (6),  we  need  data  on  the  energy  states 
which  the  molecules  (or  atoms)  of  the  given  gas  are  able  to  have,  as 
well  as  data  on  the  energies  ei  of  the  states  and  their  respective 
statistical  weights  p^.  Owing  to  development  of  the  quantum  mechanical 
conceptions  of  the  structure  of  matter  and  to  the  numerous  investiga¬ 
tions  of  spectra  during  the  past  30-40  years,  we  have  accumulated  an 
extensive  amount  of  data  dealing  with  the  energy  states  of  many  of 
the  atoms  and  molecul,  s.  The  corresponding  data,  needed  in  order  to 
calculate  the  thermodynamic  functions  of  gases  w’.ich  will  be  dealt  with 
in  this  Handbook,  are  to  be  found  in  the  2nd  Part  of  Volume  I  in  the 
sections  on  "Molecular  Constants".  In  this  Cnapter,  general  conceptions 
will  be  presented  treating  the  energy  states  of  atoms  and  simple  mole¬ 
cules,  which  are  significant  for  the  application  of  statistical  me¬ 
thods  of  calculation  of  the  thermodynamic  functions  of  gases.  A  state¬ 
ment  of  the  problems  having  no  direct  connection  with  the  fundamental 
material  in  the  following  chap+ or  .  can  be  found  in  the  monographs  and 
original  papers  referred  to  i  .  ext. 

The  material  of  the  v,  «  s  divided  into  three  Sections  deal¬ 

ing  respectively  with  atoms,  comic  molecules  and  sample  polyatomic 
molecules,  because  the  energy  states  of  each  of  these  groups  possess  a 
rumber  of  peculiarities. 
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§2.  ATOMS* 

The  energy  states  of  atoms**  are  caused  b  y  the  motion  of  their 
electrons  in  the  electric  field  of  the  atomic  nucleus,  which  is  a 
field  of  central  forces.  The  multiformity  of  the  energy  states  of  the 
atom  and  of  the  transition  energies  between  these  states  depends  on 
the  number  of  electrons  of  the  atom  and  on  their  distribution  in  the 
electron  shell.  It  is  known  that  the  state  of  a  single  electron  of  an 
atom  is  uniquely  characterized  by  the  values  of  the  following  four 
quantum  numbers  of  the  electron:  the  principal  quantun  number  n,  which 
may  assume  any  integral  value  greater  than  zero  for  each  electron 
(n  =  1,  2,  3,  ...);  the  quantum  number  4  of  the  orbital  angular  mo¬ 
mentum  of  the  electron,  which,  at  a  given  n,  assumes  integral  values 
within  the  range  of  0  <  f  <  n  -  1  j  the  magnetic  quantum  number  m^, 
which  assumes  24  +  1  values  (4,  4  —  1,  ...,  -4),  and  the  quantum  num¬ 
ber  ms  of  the  electron  spin  which  is  equal  to  +1/2.  The  energy  of  the 
electron  depends  mainly  on  the  magnitude  of  the  quantum  number  n,  and, 
to  a  lesser  degree,  on  the  magnitude  of  the  quantum  number  4.  Electrons 
which  differ  only  in  the  values  of  their  quantum  numbers  m^  and  mg, 
possess  the  same  energy  if  an  external  magnetic  field  is  absent,  and 
the  states  corresponding  to  them  are  degenerate.  Hence,  the  distribut i ~n 
of  the  electrons  in  the  electron  sheli',  or  the  electron  configuration, 
is  uniquely  determined  by  the  values  of  both  quantum  numbers  n  and  4, 
of  each  electron  if  an  external  magnetic  field  is  absent.  The  electron 
configuration  of  an  atom  may  be  represented  symbolically  in  the  form 

thfaityA  •  •  •»  (1.1) 

where  a,  b,  c,  ...  are  the  numbers  of  electrons  with  equal  values  of 
the  quantum  numbers  n  and  4. 

According  to  the  Pauli  principle,  two  electrons  of  an  atom  cannot 
possess  equal  values  of  all  four  quantum  numbers  n,  4,  m»  and  m  .  Owing 
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to  this  fact,  an  atom  can  contain  cnly  2  electrons  with  the  quantum 
number  n  =  1  (£  =  0,  m£  =  0,  mg  =  +1/2),  8  electrons  witn  n  =  2 
(£  =  0,  =  0,  mg  =  +1/2,  and  £  =  1,  m^  =  1,  0  =  -1;  mg  =  +1/2),  18 

electrons  with  n  =  3»  etc. 

Systematics  of  the  electronic  states  of  atoms.  One  or  more  energy 
states  correspond  to  each  electron  configuration  of  the  atom.  The  num¬ 
ber  of  states  corresponding  to  a  given  configuration  and  the  type  of 
each  state  may  be  uniquely  determined  on  the  basis  of  the  sum  rules  of 
addition  of  the  momentum  vectors  of  the  individual  electrons  (or  of 
their  quantum  numbers)  with  account  of  the  Pauli  principle.  In  the  case 
of  the  majority  of  atoms,  especially  of  the  atoms  of  light  elements,  the 
interaction  between  the  orbital  momenta  of  the  various  electrons  of  the 
atom  and  between  their  spin  momenta  exceeds  essentially  the  interaction 
of  the  corresponding  momenta  ("7 and  s)  of  each  individual  electron  (in 
the  case  of  Russell-Saunders  coupling).  The  electron  states  of  such 
atoms  are  characterized  by  the  magnitude  of  the  total  orbital  angular 
momentum  T?  and  the  total  spin  momentum  "S’,  which  are  equal  to  the  sums 
of  the  vectors  and  s^.  The  total  angular  momentum  7f  of  the  atom 
electrons  in  the  given  state  is  equal  to  the  sum  of  he  vectors  1?  and  T?. 
The  quantum  number  of  the  total  orbital  momentum  L  may  be  found  by 
means  of  the  quantum  numbers  of  the  individual  electrons  assuming 
that  the  rules  of  vector  addition  hold;  the  quantum  number  £  may  be 
calculated  in  a  similar  manner  on  the  basis  of  the  quantum  numbers  mo. 

The  quantum  number  J,  at  given  values  of  L  and  S,  assumes  2S  +  1  values*: 
I L  +  S| ,  |L+  S-  1|,  ...,  |L-S|. 

Each  pair  of  the  values  of  L  and  S  corresponds  to  the  energy 
state  of  the  atom,  which  is  termed  its  electron  state  or  term. The 
electronic  states  of  an  atom  are  represented  symbolically  in  the  form 
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*+‘1.  (1.2) 

The  quantity  2S  +  1  characterizes  the  multiplicity  of  the  state 
or  the  number  of  its  substates  which  differ  by  the  values  of  the  quan¬ 
tum  number  J.  The  states  with  S  =  0  are  termed  singlet  states,  those 
with  S>0  are  termed  multiplet  states  (doublet,  triplet,  quartet,  quin¬ 
tet,  etc.,  states;  with  the  corresponding  values  of  2S  +  1  =  2,  3>  5> 

...  or  S  =  1/2,  1,  3/2,  2,  . . . ) .  If  an  external  magnetic  or  electric 
field  is  absent,  each  substate  with  a  given  value  of  the  quantum  num¬ 
ber  J  is  degenerate  (2J  +  l)-fold,  i.e.,  it  has  the  statistical  weight 
of  2-J  +  1.  Owing  to  the  fact  that  J  assumes  the  •  -.lues  |L  +  S|  |L  +  S  —  1 
...,  |L  —  S|,  the  statistical  weight  of  the  state  L  is  equal  to 
(2L  +  1)  (2S  +  1). 

Strictly  speaking,  this  is  taken  for  granted  when  the  spin  of  the 
atomic  nucleus  is  equal  to  zero,  otherwise  the  total  angular  momentum 
of  the  atom  will  be  equal  to  J  +  I,  J+I  —  l,  ...,  J  —  I,  where  I  is 
the  spin  of  the  atomic  nucleus;  in  this  case,  the  statistical  weight 
of  the  substate  with  the  given  value  of  J  is  equal  to  (2J  +  1)  (21  +1), 
and  the  statistical  weight  of  the  L  state  is  equal  to  (2L  +  1) 

(2S  +  1) (21  +  1), 

-In  the  case  of  Russell-Saunders  coupling,  the  energy  of  the  elec¬ 
tronic  states,  related  to  the  same  configuration  of  the  electron  shell, 
depends  substantially  on  the  value  of  the  quantum  numbers  L  and  S  and 
is  nearly  independent  of  the  quantum  nui  ter  .  Due  to  this  fact,  the 
discrete  components  (substates)  of  multiplet  states  possess  similar 
excitation  energies. 

Another  type  of  coupling  between  the  angular  momenta  'f  individual 
electrons,  termed  j-j  coupling,  is  possible  in  atoms  of  certain  heavy 
elements,  Ft  and  Pd,  as  an  example,  and  also  in  atoms  of  light  ele¬ 
ments  in  states  corresponding  to  great  values  of  the  quantum  number  n. 
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In  the  casa  cf  such  a  coupling,  the  interaction  is  weak  between  the 
orbital  momenta  of  the  individual  electrons  and  also  between  their  spin 
momenta,  and  the  interaction  between  the  orbital  angular  momentum  and 
the  spin  moment  cf  each  electron  plays  the  main  part.  The  resultant  of 
this  interaction  is  the  total  angular  momentum  it  is  equal  to  the 
sum  of  the  vectors  "7^  and  s^,  and  its  quantum  number  is  +  1/2. 

The  total  angular  momentum  (*)  of  the  electrons  of  the  atom.  In  the 
case  of  a  j-j  coupling,  is  equal  to  the  sum  of  the  total  momenta  of 
all  electrons,  and  its  quantum  number  J  is  equal  to  the  sum  of  the 
quantum  numbers  added  according  to  the  rules  of  vector  addition.* 

It  must  be  noted  that  definite  values  of  the  quantum  numbers  L  and  S 
do  not  exist  with  such  a  type  of  coupling;  the  total  number  of  states 
of  the  atom,  which  corresponds  to  the  given  configuration  of  the  elec¬ 
tron  shell,  and  the  quantum  J  of  the  total  angular  momentum  in  each 
substate,  however,  do  not  depend  on  the  type  of  coupling.  The  funda¬ 
mental  difference  consists  in  the  relative  position  of  the  electronic 
states  which  correspond  to  the  given  configuration  of  the  atom  elec- 

« 

trons,**  and  also  in  the  selection  ruo.es  for  optical  transitions,  what 
is  not  substantial  for  the  problems  treated  in  the  Handbook.  This  fact 
permits  us  to  use  systematics  which  correspond  to  the  Russell-Saunders 
coupling  in  the  investigation  of  the  electronic  states  of  almost  all 
atoms,***  including  the  atoms  and  ions  of  all  elements  which  are  dealt 
with  in  this  Handbook. 

The  electronic  state  of  an  atom  with  a  minimum  energy  is  termed 
its  ground  state  or  its  normal  state;  furthermore,  the  energy  of  this 
state  will  be  taken  equal  to  zero****.  The  other  of  the  electronic 
states  of  an  atom  are  termed  excited  states,  and  the  difference  be¬ 
tween  the  excited  and  the  ground  state  is  the  excitation  energy.  If 
not  one  but  some  electronic  states  of  the  atom  correspond  to  one  elec- 


•cron  configuration,  the  state  with  the  greatest;  multiplicity  possesses 
the  lowest  energy,  according  to  Hund's  rule,  and,  in  the  case  of  equal 
values  of  S,  the  state  with  the  highest  value  of  L  has  the  lowest  en¬ 
ergy.  With  regard  to  exclusions  from  this  rule,  see  [196],  p.  391* 

In  the  literature  on  the  theory  of  structure  and  of  atom  and 
molecule  spectra,  the  electronic  states  with  the  quantum  numbers  i  =  0, 

1,  2,  3,  4,  5*  •••  are  termed  s-,  p-,  d-,  f-,  g-,  ...  states,*  and 
the  electronic  states  of  atoms  with  the  values  L  =  0,  1,  2,  3*  4,  5,  6, 

7,  8,  ...  are  usually  termed  S-,  P~,  D -,  P-,  G-,  H-,  I-,  K-,  L-,  ... 
states. 

Determination  of  the  electronic  states  of  atoms.  The  number  and 
the  type  of  the  electronic  states  of  an  atom,  which  correspond  to  a 
given  configuration  of  its  electron  shell,  are  uniquely  leterminable 
on  the  basis  of  the  general  rules  of  angular  momentum  addition  of  the 
individual  electrons  and  the  Pauli  principle. 

According  to  the  statements  above,  the  interaction  between  the 
angular  momenta  may  be  assumed  as  corresponding  to  a  Russell -Saunders 
coupling,  if  their  vectors  are  to  be  added.  The  application  of  the 
Pauli  principle  has  two  important  consequences.  Primarily,  the  quantum 
numbers  of  the  total  angular  orbital  (L)  and  the  spin  (S)  momenta  of 
the  electrons  which  form  a  complete  shell  are  always  equal  to  zero; 
the  resultants  of  these  moments  for  the  two  electrons,  the  six  £ 
electrons,  the  ten  d  electrons,  the  fourteen  f  electrons,  etc.,  are 
also  equal  to  zero.**  Secondly,  the  number  of  the  atomic  states 
which  corresponds  to  the  given  number  of  electrons  is  different  and 
depends  on  the  fact,  that  these  electrons  be  either  equivalent  (i.e., 
having  equal  values  of  the  quantum  numbers  n  and  3.)  or  non-equivalent. 

(i  e.,  having  different  values  at  least  of  one  of  these  qicmtum  numbers). 

Let  us  examine  the  determination  of  the  multiplicity  of  electron- 


ic  states  of  atoms  using  the  nitrogen  at  '  i  as  an  example.  The  elec¬ 
tron  shell  of  the  N  atom  contains  seven  electrons,  the  lowest  states 
of  these  electrons  are  two  Is  states,  two  2s  states,  and  three  2p  states 

corresponding  to  this,  the  nitrogen  atom  has  in  its  ground  state  the 

2  2? 

electron  configuration  Is  2s  2p  .  The  values  of  L  and  S  are  equal  to 
2  2 

zero  for  the  Is  2s  electrons,  and  one  may  take  into  account  only  the 
three  £  electron:;  in  the  nonfilled  shell  when  determining  the  electron 
states  which  correspond  to  the  Is  2s  2pJ  configuration.*  These  three 
electrons  are  equivalent  because  £  =  1  and  n  =  2  is  valid  for  each  of 
them.  As  an  illustration  of  the  general  case,  let  us  examine  at  first 
the  states  which  correspond  to  three  non-equivalent  £  electrons  (being 
possible  when  the  electrons  possess  different  quantum  numbers  n),  and 
then  let  us  determine,  which  of  these  states  are  possible  for  equiva¬ 
lent  electrons. 

TABLE  2 


Electron  States  of  Atoms  in  the  Case  of  Non-equiva- 
leni  Electrons. 


1)  Configuration  of  the  electron  shell;  2)  electronic 
states. 


In  order  to  determine  the  quantum  numbers  of  the  resultants  of 
the  vectors  of  orbital  momenta  of  three  electrons,  we  first  have  to 
find  the  vector  sum  of  the  quantum  numbers  of  two  vectors,  and  then 
each  one  of  these  stuns  must  be  added  to  the  quantum  number  of  the  third 
vector.  Thus,  we  have  1  +  1  =  0,  1,  2  (where  +  is  the  sign  for  the 
vector  addition),  and  1  +  1  +  1  =  1;  0,  1,  2,  and  1,  2,  3.  Each  one  of 
the  found  values  of  L  corresponds  to  states  with  different  values  of  S. 
Due  to  the  fact  that  these  states  are  related  to  three  electrons,  the 

p 

quantum  number  S  may  assume  the  values  1/2,  3/2  and  1/2;  and  two  S, 

2  2  2  it  2l  1l  h 

six  P,  four  D,  two  F,  one  S,  three  P,  two  D  and  one  F  states 

correspond  to  all  three  non-equivalent  £  electrons.  In  order  to  simp¬ 
lify  the  determination  of  the  electronic  states  formed  by  eachi  of  the 
configurations  of  the  electron  shell  of  atom,  the  corresponding  data 
used  for  the  most  frequently  occurring  cases  of  configurations  of  non¬ 
equivalent.  electrons  are  quoted  in  Table  2.  Similar  data  for  equivalent 
electrons  are  listed  in  Table  3. 

As  shown  in  TabDes  2  and  3,  it  is  evident  in  the  case  of  equiva¬ 
lence  electrons  that  the  number  of  possible  states  is  essentially 
smaller  than  that  in  the  case  of  non-equiva3 ent  electrons,  because  ow¬ 
ing  to  their  having  equal  values  of  the  quantum  numbers  n  and  &,  these 
electrons  must  have  different  iOg  and  mg  quantum  numbers.  In  the  case 
of  three  equivalent  £  electrons,  for  example,  the  same  spatial  orien¬ 
tation  of  the  vectors  of  their  orbital  momenta  is  possible  because  they 
would  have  in  this  case  equal  values  of  three  quantum  numbers  (n,f,  and 
m^),  and  because  the  quantum  number  mg  may  assume  only  two  values 
(+1/2),  and  the  atom  would  have  two  electrons  with  equal  values  of  all 
four  quantum  numbers.  Thus,  states  with  L  =  3  (F  states)  cannot  cor¬ 
respond  to  three  equivalent  £  electrons. 

Furthermore,  from  the  seven  quartet  states  which  are  possible  in 
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the  case  of  three  non-equivalent  £  electrons,  one  3  state  only  cor¬ 
responds  to  three  equivalent  electrons.  Indeed,  the  quantum  numbers 
m^  of  these  electrons  must  be  different,  equal  to  0,  +1,  and  — 1,  res¬ 
pectively,  and,  due  to  this  fact,  L  =  0,  because  the  projections  of  all 
electron  spins  must  be  parallel  (2S  +1-4,  and  S  =  3/2)  in  the  quar¬ 
tet  state,  and  the  quantum  numbers  mg  are  all  equal.  Furthermore,  out 
of  six  B  states  formed  by  three  non-equivalent  £  electrons,  only  one 
D  state  is  possible  with  an  electron  shell  containing  two  £  electrons 
with  equal  values  of  the  three  quantum  numbers  n,  i,  and  m^  (n  =  2, 
i  =  1,  m|  =  1  at  m  =  +1)  and  a  third  electron  with  another  value  of 
the  quantum  number  m^  (m^  =  0). 

TABLE  3 


Electronic  States  of  Atoms  in  the  Case  of 
Equivalent  Electrons. 


KiMwy- 

FMUM 

MMTpoa- 
Ml  «fe> 
<NU 

# 

• 

*S,'D.»P 

*P.  *D.  *S 

* 

•S.  *D.  *P 

* P 

■  y 

*S  .  ... _ _ _ _ _  . 

* 

•S.  »D,  Hi.  *P,  *F 

# 

*P,  *D{ 2),  *F.  *0.  ¥f.  *P.  *F 

# 

*S{2),  *0(2).  «f,  »G(T).  »/,  •Pm,  *D,  *F(2),  *0.  'H.'D 

# 

*S,  *P.  •Dm,  V(2).  *0(2),  •H,  */,  «P,  *JJ,  *F,  Hi.  *S 

1)  Configuration  of  the  electron  shell; 

2)  electronic  states. 


The  determination  of  the  number  and  cf  the  types  of  states  formed 
by  equivalent  electrons  requires  the  additionally  allowing  for  the 
so-called  magnetic  quantum  numbers  and  deviates  from  the  theme  of  our 
Handbook.  The  data  quoted  in  Table  3  are  sufficient  for  our  purpose. 
According  to  these  data,  in  the  discussed  case  of  three  equivalent  £ 

2  2i 

electrons,  only  one  P  state  is  possible  beside  the  indicated  S  and 
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D  states.  In  accordance  with  Hur.d's  rule  (see  p.  4?)  and  the  experi¬ 
mental  data.,  the  state  is  the  lowest  and  ground  state  of  these  three 
states. 

It  must  be  noted  in  the  case  of  a  part  of  the  electrons  of  the 
nonfilled  atom  shells  being  equivalent,  and  the  other  part  non-equi¬ 
valent,  that  in  order  to  estimate  the  corresponding  electronic  states, 
we  must  determine  the  resultant  moments  of  each  electron  group  separ¬ 
ately  and  then  the  sums  of  these  resultant  moments  according  to  the 
general  rules. 

We  considered  the  states  of  the  nitrogen  atom  with  a  configura¬ 
tion  of  the  electron  shell.,  in  which  all  electrons  have  the  lowest 
orbits.  ?he  majority  of  the  el  tronic  states  of  atoms,  however,  is 
connected  with  an  excitation  of  electrons,  one  or  more  electrons 
being  in  states  with  values  of  the  quantum  numbers  n  and  i  which  are 
higher  than  in  the  ground  state.  In  order  to  differentiate  between  the 
states  which  correspond  to  the  various  configurations  of  the  electron 
shell  the  configuration  of  the  electron  shell  will  be  given  frequent¬ 
ly  in  front  of  the  term  symbol;  thus  the  ground  state  of  the  nitrogen 

2  2  ^  4 

atom  can  be  written  down  as  either  a  Is  2s  2pJ  S  state,  or,  when  ex- 

1  4 

eluding  the  configuration  of  the  filled  shells  as  a  2pJ  S  state. 

One  or  more  groups  of  electronic  states  or  terms  originate  if 
one  electron  of  the  atom  or  ion  is  excited.  The  number  of  these  groups 
depends  on  the  configuration  of  the  electron  shell  of  the  ion  which  is 
formed  when  the  electron  is  transferred  to  an  infinite  distance  from 
the  atomic  nucleus.  Thus,  the  excitation  of  a  £  electron  of  the  nitro¬ 
gen  atom  causes  three  groups  of  states  which  may  be  represented  as 
follows:  2s22p2(3P)  ni;  2s22p2  ^S)  ni,  and  2s22p2(1D)  ni,  where  n 
and  i  are  the  values  of  the  corresponding  quantum  numbers  of  the  ex¬ 
cited  electron,  n  >  3>  and  0  <  i  <  n  —  1.  The  symbols  of  states,  en- 


closed  in  parenthesis,  are  the  electronic  states  of  the  N '  ion  which 

2  2  2 

has  the  electron  configuration*  ls^2s  2p  . 

When  increasing  the  quantum  numbers  n  and  i,  the  excitation  en¬ 
ergies  of  the  corresponding  states  of  the  atom  increase,  and  at  n  «♦  » 
the  excitation  energy  of  the  given  group  tends  cowards  a  certain  limit, 
whose  magnitude  differs  for  each  group.  The  energy  of  the  lower  limit 
which  corresponds  to  the  ground  state  of  the  ion  is  termed  ionization 
potential  of  the  given  atom,  and  it  is  equal  to  the  energy  which  is 
needed  vo  remove  to  infinity  the  electron  from  the  ion  which  is  formed 
by  ionization  (in  the  ground  electron  state).  The  limit  energies  of 
the  other  states  forming  at  the  same  time  an  ion  in  an  excited  state 
which  corresponds  to  the  given  group.  Thus  the  above-mentioned  state 
groups  of  the  nitrogen  atom  possess  ionization  limit r  with  an  energy 
cf  117,345;  132,660  and  ~  150,000  cm-1  (see  §  51)  whi.  h  correspond  to 
the  ionization  of  the  nitrogen  atom  and  the  formation  of  the  N+  ion  in 
JP,  D,  and  S  states,  respectively.  ** 

It  is  ob  vious  that  the  number  and  type  of  the  electronic  states 
may  be  determined  for  each  group  of  terms  on  the  basis  :>r  the  rules 
for  the  addition  of  the  angular  momenta  just  as  it  was  shown  a  while 
ago.  Thus  the  group  of  the  2s  2p  (JP)  ni  states  of  the  nitrogen  atom 
consists  of  doublet  and  quartet  terms  with  the  values  L  -  1  at  £  -  0, 
and  L  =  £  +  lj  i;  £  —  1  at  £  >1.***  The  states  2P,  S?,  2G,  ^G,  2H, 
and  ^H,  for  example,  correspond  to  the  values  n  =  5  and  *  •=  4  (elec¬ 
tron  configuration  2s22p2(^P)5g) •  The  term  group  2s22p2(iD)  ni  con¬ 
sists  of  doublet  terms  (the  total  spin  of  the  two  2p  electrons  of  the 
N+  ion  being  equal  to  zero)  with  the  values  L  =  2  at  1  =  0;  L  =  1,  2, 

3  at  i  =  1,  and  L  =  £  +  2,  £  +  1,  £  at  |  >  2,  etc. 

Aside  from  the  term  groups  related  to  the  excitation  of  one  of 


the  outer  electrons,  the  atoms  possess  a  great  number  of  state  groups 
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caused  by  a  simultaneous  excitation  of  two  or  more  outer  electrons, 
and  also  of  the  electrons  of  filled  shells.  Thus  the  nitrogen  atom  at 

p 

excitation  of  two  2p  electrons  has  the  electron  configuration  2s  2pn1^1 
(2sl+lL)  the  state  groups  2s22p^s  (1P)  xigig  and  2s22p3s  (^P)  n0£2 

correspond  in  this  case  to  the  values  n-  =  3  and  i  =  0.  Other  groups 
originate  from  the  simultaneous  excitation  of  one  2s  and  one  2p  elec- 
trons,  etc.j  thus  six  state  groups  with  the  configuration  Is  2s2p-' 

(2S  +  1^)  where  *^*4,  =  ^S,  -*S,  ^P,  ^P,  and  -*D,  correspond  to 
the  case  n^  =  2,  £■,  =  1. 

Determination  of  the  excitation  energies  of  the  electronic  states 
of  atoms.  In  evidence  of  the  aforesaid  the  number  oi  possible  elec¬ 
tronic  states,  the  type  and  consequently  also  the  statistical  weight 
p^  can  be  ascertained  without  any  kind  of  experimental  data,  only  on 
the  basis  of  an  analysis  of  the  configuration  of  the  electron  shells 
of  the  given  atom.  At  the  same  time,  a  theoretical  calculation  of  the 
excitation  energies  of  all  states  of  the  atoms,  which  is  also  possible 
by  application  of  the  methods  of  quantum  mechanics  is  such  an  intricate 
problem  in  practice,  that  we  can  get  numerical  results  only  in  the  most 
simple  cases.  Hence  all  modem  data  concerning  the  position  of  elec¬ 
tronic  states  of  atoms  are  based  on  the  results  of  the  analysis  of 
thei-**  spectra. 

The  examination  of  the  structure  of  spectra  of  atoms  and  the 
methods  of  determination  of  the  excitation  energies  of  their  electronic 
states  is  beyond  the  purpose  of  our  Handbook  (see,  for  example  [150]). 
Yet  it  must  be  noted,  notwithstanding  the  experiments  year  after  year 
of  atomic  spectra,  that  to  this  day,  out  of  the  majority  of  atoms  and 
ions  only  the  transitions  have  been  investigated  amongst  &  limited 
quantity  of  states,  which  is  caused  by  the  low  probability  of  many 
transitions  or  by  the  fact  that  the  corresponding  transitions  lie  in 


spectral  ranges  which  are  difficult  to  investigate.  The  most  accurate 
data  concerning  electronic  states  of  atoms  have  been  collected  in  a 
handbook  comprised  of  three  volumes  "Atomic  Energy  Levels"  [2941] 
edited  by  Moore  in  the  Bureau  of  Standards  of  U.S.,  1950-1957.*  Never¬ 
theless  even  this  handbook  which  not  only  refers  to  data  published  in 
periodicals,  but  also  to  the  results  of  numerous  special  investigations 
carried  out  in  the  Bureau  of  Standards,  lacks  data  in  the  case  of  many 
atoms,  concerning  states  with  L  >  3>  and  also  data  concerning  states 
connected  with  the  simultaneous  excitation  of  two  or  more  electrons. 

It  must  be  noted,  however,  that  experimental  data,  as  a  rule, 
are  deficient  in  electronic  states  having  high  excitation  energies, 
i.e.,  in  such  states  whose  contribution  to  the  statistical  sum  ana  to 
the  thermodynamic  properties  of  the  corresponding  gas  is  trivial  and 
takes  place  only  at  very  high  temperatures.  Especially  in  the  case  of 
the  atoms  of  the  elements  which  are  treated  in  this  Handbook,  the 
states,  connected  with  the  simultaneous  excitation  of  several  outer 
electrons  or  electrons  of  filled  shells,  maj-  remain  completely  out  of 
consideration. 

If  experimental  data  concerning  the  excitation  energies  of  a 
pert  of  electronic  states  of  atoms  are  deficient,  the  necessary  values 
must  be  approximately  estimated,  however  at  an  accuracy  which  is  suf¬ 
ficient  to  the  subsequent  calculations.  The  corresponding  evaluations 
may  be  made  either  on  the  basis  of  some  regularities  of  the  position 
of  the  investigated  electronic  states  of  the  given  atom  or  (with  states 
having  high  values  of  the  quantum  numbers)  by  referring  these  .tates 
to  the  ionization  limit  of  the  given  group  of  states  and  putting  their 
excitation  energies  equal  to  the  ionization  energy.  The  latter  is  thus 
made  possible,  because  with  an  increase  value  of  the  quantum  numbers 
r  and  i  the  excitation  energies  of  the  corresponding  electronic  states 
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converge  to  each  other,  and  their  value  approaches  that  of  the  energy 
of  the  ionization  limit. 

In  the  above  discussed  group  of  states  of  the  nitrogen  atom 
2s  2p  (^P)ni,  the  handbook  by  Moore  [2941]  quotes  only  data  pertaining 
to  states  with  /  **  0,»  <  1 3;/  =*  1,  «  =*  3  and  4;/  =*  2*  n  <  12;  and  there  is  a 
lack  of  data  dealing  with  the  states  which  correspond  to  values  <  f 
£  >  3  and  a} so  with  states  with  £  =  1  and  n  >  5»  If,  on  the  basis  of 
the  rules  o.’  vector  addition  we  have  determined  the  types  of  states 
which  form  the  given  group  (see  above),  then  we  can  estimate,  as  fol¬ 
lows,  the  excitation  energies  of  states,  for  which  experimental  data 
are  not  given. Out  of  the  state  group  2s '2p  (~T)  ni  the  terms  with 
£  =  1  and  n  =  k,  which  were  experimentally  observed,  have  excitation 
energies  which  resemble  the  excitation  energies  of  the  terms  with  J 6-0 
and  n  =  k  +  1.  For  this  reason  all  states  of  the  group  with  £  =  1  and 
n  >  5  were  ascribed  to  the  known  experimental  energies  of  the  states 
with  £  =  0  and  having  a  value  of  n  greater  than  unit.  In  the  same 
group  of  states,  the  terms  with  n  =  4  and  £  =  0,  1,  and  2  have  exci¬ 
tation  energies  in  the  range  of  104,000,  107,000,  and  110,000  cm-1, 
respectively,  and  the  energy  of  the  ionization  limit  of  the  group  is 
equal  to  117,345  cm-1.  Hence  excitation  energies  will  be  ascribed  to 
the  states  with  n  =  4  and  £  =  3  as  well  as  to  all  states  n  >  5  and 
£  >  3  which  are  equal  to  the  ionization  energy  of  the  nitrogen  atom. 

The  maximum  error  caused  by  this  method  of  evaluation  occurs  at  states 
with  the  configuration  2p  (JP)4f  and  does  not  exceed  4000  cm;  as  for 
the  other  states,  the  error  is  considerably  smaller  and  does  not  ex¬ 
ceed  1 >00-1500  cm”^  on  the  average. 

In  order  to  calculate  the  thermodynamic  functions  of  monatomic 
gases,  we  need  data  pertaining  to  the  statistical  weights  and  excita¬ 
tion  energies  of  all  those  states  of  the  gas  atoms  whose  contribution 
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to  the  statistical  sum  (6)  in  the  entire  experimental  temperature 
range  may  not  he  neglected.  Corresponding  data ,  assumed  for  the  cal¬ 
culations  in  this  Handbook,  are  quoted  in  the  special  Tables  "Energy 
Levels  of  the  Atom  ..."  in  the  Divisions  dealing  with  molecular  con¬ 
stants.  The  values  given  in  these  tables  are  mainly  taken  according 
to  Moore's  Handbook  [2941],  to  the  results  of  approximate  evaluations, 
and  also  to  individual  papers  published  in  periodicals  in  the  past 
years  after  publication  of  the  handbook  [2941].  References  to  the 
corresponding  sources  of  information  or  evaluations  are  given  in  the 
texts  of  the  Divisions  dealing  with  molecular  constants. 

§3.  DIATOMIC  MOLECULES* 

Unlike  atoms  or  monatomic  ions  which  possess  energy  states  of  only 
one  type  caused  by  the  motion  of  the  electrons  in  the  electric  field 
of  the  atomic  nucleus,  the  energy  states  of  diatomic  molecules  are 
connected  with  the  motion  of  the  electrons  in  the  electric  field  of 
the  molecule,  the  vibration  of  its  atomic  nuclei  relative  to  each  other, 
and  the  rotation  of  the  atoms  relative  to  the  center  of  gravity  of 
the  molecule. 

Hie  energy  of  each  atomic  state  is  given  by  the  numerical  value 
obtained  as  a  result  of  the  analysis  of  its  spectra  or  of  theoretical 
calculations.  In  the  case  of  diatomic  molecules  which  possess  a  great 
number  of  discrete  states,  the  presentation  of  the  excitation  energy 
of  each  separate  state  by  a  numerical  value  is  practically  impossible 
and  inexpedient.  The  energy  of  a  diatomic  molecule  considering  the 
cases  known  at  present  can  be  represented  as  the  sum  of  its  electron 
energy  T^,  vibrational  energy  G(v)  and  rotational  energy  Fy(J)  in  a 
sufficiently  satisfactory  approximation  (see  Eq.  (1.30). 

Usually,  only  the  energies  of  the  electronic  states  are  repre¬ 
sented  by  the  numerical  values.  The  energies  of  the  rotational  and 


vibrational  states  will  be  expressed  always,  apart  from  rare  exclusions 
in  the  case  of  the  latter,  as  power  functions  of  the  corresponding 
quantum  numbers  (see  below  the  Eqs.  (1.  4)  and  (1.  15))  of  each  elec¬ 
tronic  state  of  the  molecule. 

Systematics  of  the  electronic  states  of  diatomic  molecules.  The 
motion  of  the  electrons  of  a  diatomic  molecule  takes  place  in  an  elec¬ 
tric  field  with  axial  symmetry  caused  by  the  presence  of  two  nuclei, 
where  the  symmetry  axis  coincides  with  the  line  which  connects  the  two 
atomic  nuclei.  Differences  in  the  symmetry  of  the  electric  fields  of 
the  atom  and  the  molecule  cause  the  essential  differences  in  the  pe¬ 
culiarities  and  systematics  of  the  electronic  states.  Since  the  elec¬ 
tric  field  of  a  diatomic  molecule  possesses  axial  symmetry  the  result¬ 
ing  orbital  momentum  vector  T?  of  the  electrons  in  the  molecule,  owing 
to  its  interaction  with  the  electric  field,  precesses  around  its  axis 
in  such  a  manner  that  the  projection  of  the  vector  on  the  axis  of 
the  field  can  assume  only  discrete  values  equal  to  L,  L  —  1,  . . . ,  — L, 
all  together  2L  +  1  values.  The  more  powerful  is  the  electric  field  of 
the  molecule,  the  precession  of  the  vector  t  around  the  field  axis 
is  all  the  more  significant  and  the  difference  in  the  state  energies, 
differing  by  the  value  of  is  all  the  more  greater.  It  must  be 
noted  that  in  the  case  of  diatomic  molecules  the  value  of  the  orbital 
momentum  of  the  electrons  does  not  affect  the  energy  of  the  electronic 
states  of  the  molecule.  We  may  therefore  classify  the  electronic  states 
of  molecules  according  to  the  values  of  the  quantum  number  of  the  or¬ 
bital  momentum's  projection  on  the  connecting  line  between  the  atomic 
nuclei,  A  =  |ML|,  which  at  a  given  magnitude  of  L  may  assume  the  values 
0,  1,  2,  . . . ,  L.  When  neglecting  the  rotation  of  the  molecule,  the 
electronic  states  which  differ  in  the  sign  of  must  possess  equal 
energy  and  therefore  all  states  with  A  >  1  are  doubly  degenerate. 
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The  states  with  values  of  the  quantum  number  A  equal  to  0,  1,  2, 

3,  ...,  are  termed  2,  n,  A-,  and  4>  states. 

Apart  from  the  value  of  the  quantum  number  A  the  electronic  states 
of  a  diatomic  molecule  are  characterized  by  the  total  spin  T?  of  all  its 
electrons,  whose  quantum  number  in  the  same  manner  as  in  the  case  atoms, 
assumes  integral  and  half -integral  values,  depending  upon  whether  the 
total  number  of  the  electrons  of  the  molecule  is  even  or  odd.  The 
quantum  numbers  A  and  S  determine  uniquely  the  type  of  the  electronic 
state  of  the  molecule,  which  may  be  represented  symbolically  in  the 
form 


(1*3) 


where  the  quan  ity  2S  +  1,  in  the  same  manner  as  in  the  case  of  atoms, 
characterizes  the  multiplicity  of  the  given  state. 

The  spatial  position  of  the  vector  T?  depends  only  on  the  mag¬ 
netic  field  of  the  molecule  and  does  not  depend  on  its  electric  field. 
The  magnetic  field,  absent  in  molecules  in  2  state,  arises  as  a  result 
of  the  orbital  motion  of  the  electrons  in  all  states  with  A  >  0.  In 
the  presence  of  this  field,  the  vector  1?  precesses  around  the  axis  of 
the  molecule  in  such  manner  that  the  projection  (2)*  of  the  vector  on 
the  direction  of  the  axis  may  have  only  2S  +  1  discrete  values  2  =  S, 

S  —  1,  — S.  The  algebraic  sum  of  the  quantum  numbers  A  and  2  is 

equal  to  ft,  the  quantum  number  of  the  projection  of  the  total  momentum 
of  the  electrons  of  the  molecule  on  the  line  which  connects  the  nuclei 
of  its  atoms.  At  2  >  0,  each  state  is  divided  into  several  substates 
which  differ  from  the  values  of  ft  =  A  +  2,  where  the  number  of  the  sub- 
states  is  equal  to  the  multiplicity  of  the  given  state,  i.e.,  equal  to 

p 

2S  +  1.  Thus,  the  electron  ground  state  of  the  NO  molecule  is  a  n 

2  ° 

state  composed  of  the  substates  2  ^3/2*  the  quantum 

numbers  2,  A  and  ft  are  equal  to  1/2,  1,  1/2  and  1/2,  1,  3/2,  respect- 
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ively. 

The  system  of  the  electronic  state  of  a  molecule  may  be  deter¬ 
mined  in  principle  on  the  basis  of  the  configuration  of  its  electron 
shell  (in  the  same  manner  as  in  the  case  of  atoms)  as  well  as  on  the 
basis  of  the  rules  for  the  correlation  of  the  electronic  states  of  the 
molecule  with  those  of  the  atoms  forming  it,  or  with  the  electronic 
states  of  the  so-called  unified  atom,  i.e.,  the  atom  which  is  isoelec - 
tronic  with  the  investigated  molecule.  An  exposition  of  the  pertinent 
problems  goes  beyond  the  scope  of  this  Handbook;  th,  are  dealt  with 
in  detail  in  the  monograph  by  Hersberg  [151]  (see  also  the  original 
papers  by  Mulliken  [2982],  Wigner  and  Witmer  [4267]  and  others).  Yet 
unlike  the  atoms,  whose  all  electron  states,  which  are  admissible  owing 
to  the  structure  of  their  electron  shells  and  the  Pauli  principle,  are 
stable,*  only  such  states  of  the  molecules  are  stable,  whose  potential 
energy  of  the  system  passes  through  a  minimum  when  the  distance  be¬ 
tween  their  nuclei  diminishes.  In  stable  electronic  states,  the  mole¬ 
cules  possess  systems  of  vibrational  and  rotational  energy  levels. 

Yet  molecules  possess  in  addition  to  stable  electronic  states,  a  great 
number  of  unstable  repelling  states,  in  which  the  potential  energy  of 
the  diatomic  system  increases  continuously  when  the  atom  nuclei  ap¬ 
proach  each  other.** 

Although  the  methods  of  quantum  mechanics  make  it  fundamentally 
possible  to  predict  theoretically  which  electronic  states  of  the  given 
molecule  are  to  be  stable  and  which  ones  are  to  be  repellent,  in  prac¬ 
tice,  however,  the  corresponding  calculations  are  able  to  yield  numer¬ 
ical  results  only  in  the  most  simple  cases,  due  to  the  complexity  of 
the  mathematical  problem.  Hence  all  data  concerning  the  electronic 
states  of  diatomic  molecules  based  on  the  analysis  of  spectra  have 
been  hitherto  as  a  rule,  incomplete  and  very  limited.  Therefore  in  the 


absence  of  experimental  data,  at  all  events,  it  is  impossible  to  deter¬ 
mine  not  only  the  total  number  and  the  excitation  energies  of  all 
electronic  states  of  the  molecule  but  we  cannot  even  get  the  corres¬ 
ponding  data  for  the  lowest  excited  states.  It  must  be  noted  that  the 
majority  of  electronic  states  of  diatomic  mole c vile s  including  the  state 
forming  the  Rydberg  series  (i.e.,  such  states  in  which  the  principal 
quantum  number  of  one  valence  electron  passes  a  series  of  subsequent 
values)  possesses  high  excitation  energies  (see  below;.*-  Therefore 
such  states  are  able  to  give  an  essential  contribution  to  the  statis¬ 
tical  sum  only  at  high  temperatures  when  the  corresponding  diatomic 
gases  are  almost  fully  dissociated  into  the  atoms. 

In  a  stable  electronic  state,  the  potential  energy  of  the  mole¬ 
cule  passes  through  a  minimum  when  the  atoms  approach  each  other,  and 
tends  to  zero  when  the  atoms  are  removed  from  each  other  to  infinity 
{if  the  given  state  is  formed  by  atoms  which  are  in  electron  ground 
states),  or  it  tends  to  a  value  which  is  equal  to  the  sum  of  the 
excitation  energies  of  the  atoms  when  the  atoms,  which  form  the  mole¬ 
cule,  are  in  excited  states.  The  general  form  of  the  dependence  of  the 
potential  energy  of  the  molecule  on  the  distance  between  the  atomic 
nuclei  in  stable  and  in.  repellent  states  is  shown  in  Pig.  1.  A  single 
several  electronic  states  of  the  molecule  may  correspond  to  two  atoms 
which  are  in  definite  electronic  states.  In  such  cases,  we  call  this 
the  correlation  of  the  pertinent  electronic  states  of  the  atoms  anu 
of  the  molecules. 

The  system  of  the  electronic  states  of  a  diatomic  molecule  may 
be  represented  by  a  series  of  potential  curves;  the  stable  states  of 
the  NH  molecule,  known  at  present,  are  shown  in  Pig.  2.  The  potential 
curves  of  the  states  which  correlate  with  the  same  states  of  the  atoms 
have  a  common  asymptote  at  r  -*  »  or  a  common  dissociation  limit  (see 
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below,  p.64).  At  the  same  time,  the  asymptotes  of  the  potential  curves 
of  states  which  correlate  with  different  states  of  the  given  atoms, 
are  different.  In  the  latter  case,  the  difference  of  the  energy  of 
the  corresponding  dissociation  limits  is  equal  to  the  difference  of 
the  sum  of  the  excitatiorf  energies  of  the  corresponding  electronic 


states  of  the  atoms. 


HOOQO 


§  tfi  V  V  V 


Fig.  1.  Potential 
curves  of  stable  and 
repellent  electronic 
states  of  the  Hg  mole¬ 
cule  (Herzberg  [151]). 


When  investigating  the  electronic 
states  of  molecules,  the  minimum  of  the  po¬ 
tential  energy  of  the  molecular  ground  state 
is  usually  assumed  as  the  zero  energy,  i.e., 
as  the  point  of  reference  and  the  differences 
in  the  energies  of  the  minima  of  the  poten¬ 
tial  curves  of  the  given  and  of  the  ground 
state,  denoted  by  the  symbol  T  ,  are  as- 
sumed  as  the  excitation  energies.  In  spec¬ 
troscopic  literature  it  is  usual  to  denote 
the  lowest  or  ground  state  of  the  molecule 
by  the  letters  A,  B,  C,  ...  according  to 


their  increasing  excitation  energies.  Thus, 
the  OH  molecule  has  the  ground  state  and  the  first  excited  state 

p 

A  2.  It  must  be  noted  for  light  molecules  that  the  states  which  have 
a  multiplicity  differing  from  the  multiplicity  of  the  ground  state  are 
denoted  by  the  letters  a,  b,  c,  ...,  whereas  the  states  whose  multipli¬ 
city  is  equal  to  the  ground  state,  are  denoted  by  the  letters  A,  B, 


Vibrational  states  of  diatomic  molecules.  In  each  stable  elec¬ 
tronic  state,  a  diatomic  molecule  possesses  a  system  of  discrete  levels 
of  vibrational  energy.  The  vibrational  energy  G(v)  of  the  molecule  is 
a  function  of  the  magnitude  of  the  vibrational  quantum  number  v,  which 
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in  each  electronic  state  assumes  the  values  0,  1,  2 ,  3,  ...  The  en¬ 
ergy  of  the  vibrational  states  of  a  diatomic  molecule  may  be  repre¬ 
sented  as  a  power  function  of  the  values  of  the  vibrational  quantum 
number  v: 

G  (o)  —  <■>,  (u+'y)— (w  +y)* + »ty. (v + y)1  — ©* Z, (u + y)4  +  .  .  .*  (1.4) 
where  G(v)  is  the  energy  of  the  vibrational  state  relative  to  the  min¬ 
imum  of  the  potential  energy  of  the  given  electronic  state,  me  is  the 
oscillation  frequency  of  the  molecule,  and  m  x  ,  my.  ...,  —  are  the 

c  c  tJ  c 

anharmonicity  constants  of  the  molecular  vibrations,  where  bhe  con¬ 
stants  cd  ,  a)  x  ,  cd  v  ,  ...  of  the  given  molecule  are  different  for 
6  6  6  6  6 

each  of  their  electronic  states  j  and  co  »  cdx  »  m  ;/  ... 

e  e  e  e 7  e 


Fig.  2.  Potential  curves  of  the  observed  stable  electronic  states 
of  the  NH  molecule  (Herzberg  [151]). 

We  note  in  Eq.  (1.4),  that  corresponding  to  the  experimental  data 
and  the  deductions  of  the  quantum  mechanics,  the  vibrational  energy  of 
a  molecule  is  always  greater  than  zero,  and  its  minimum  value  (in  the 
state  with  v  =  0)  is  equal  to 

C  (Q)  «  —X  +  T  +  *•* 


(1.5) 


If  the  vibrational  energy  of  the  molecule  is  not  related  to  the 
minimum  of  the  potential  energy  but  to  its  lower  vibrational  state,  as 
is  necessary,  especially,  in  the  calculation  of  statistical  sums,  we 
get  in  place  of  Eq.  (1.4): 

0,  (0)  *  0  (v)  —  0  (0)  -  —  •aJV*  +  +  ••••  (1.6) 

where 

+  0,75  ««?,  —  0,5  +  ••• 

—  m,x,  —  i,5  mtVi  -r  a  ~  (1*7) 

«, y9  «*  o,y,  —  2  w«z«  4-  ... 

The  constants  with  the  subscripts  e  in  Eqs.  (1.4)  ,  (1.6)  are 
called  equilibrium  constants,  and  the  constants  with  the  subscripts 
0  are  the  zero  constants. 

When  the  vibrational  quantum  number  is  increased,  the  vibrational 
energy  of  the  molecule  increases  (and  also  the  amplitude  of  the  vib¬ 
rations  of  its  atomic  nuclei),  bu+  absolute  value,  as  a  rule, 
cannot  exceed  the  difference  between  sue  potential  energy  of  the  mol¬ 
ecule  at  r  =  r  and  r  =  r  ,  where  r  is  the  distance  between  the  nu- 
00  e  e 

del  of  the  atoms  at  which  the  potential  energy  is  a  minimum.  The  value 
equal  to  the  difference  of  the  potential  energy  of  the  molecule  at 
r  =  00  and  r  =  re  is  denoted  by  the  symbol  Dg. 

This  value  is  sometimes  called  the  dissociation  ar.irgy  of  the 
molecule.  In  practice,  hcwev  er,  the  energy  needed  to  dissociate  the 
molecule  into  atoms  is  less  than  DQ,  because  the  molecules  possess 
always  vibrational  energy.  In  this  Handbook  the  term  dissociation  en¬ 
ergy  of  the  molecule  will  refer  to  the  maximum  energy,  which  is  ne¬ 
cessary  to  dissociate  the  molecule  in  the  given  electronic  state  in¬ 
to  its  component  atoms*;  it  is  denoted  as  DQ.  The  values  Dg  and  D0 
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are  connected  by  the  simple  relation: 

D,  *»D,  +  G(0).  (1.8) 

The  differences  A  g(v)  of  the  vibrational  energies  decrease  with 
an  increasing  quantum  number  v,  and  the  corresponding  vibrational 
levels  converge  to  a  definite  limit  called  the  dissociation  limit  of 
the  given  electronic  state.  The  total  sum  of  the  levels  of  vibrational 
energy  is  finite  for  all  investigated  electronic  states  of  diatomic 
molecules.  This  coincides  with  the  results  of  theoretical  calculations 
according  to  which  the  molecule  AB  may  possess  an  infinite  number  of 
vibrational  levels  only  if  the  chemical  bond  of  the  molecule  is  purely 
ionic,  and  if  the  potential  energy  of  the  molecule  is  due  to  the  Cou¬ 
lomb  interaction  between  the  ions  A+  and  B“  (see  [141]  p.107,  and 
[2477]),  whereas  the  electronic  ground  states  of  all  diatomic  molecules 
are  correlated  to  the  electronic  spates  of  neutral  atoms. 

The  rate  of  convergence  of  the  vibrational  levels  of  the  mole¬ 
cule  to  the  dissociation  limit  and  also  the  number  of  vibrational  le¬ 
vels  and  the  general  type  of  the  dependence  of  the  vibrational  energy 
of  the  molecule  on  the  value  of  the  quantum  number  v  are  determined 
by  the  functional  dependence  of  the  potential  energy  of  the  molecule 
on  the  distance  between  the  nuclei  of  its  atoms.  If  the  potential  en¬ 
ergy  of  the  molecule  can  be  represented  by  a  Morse  function  (which  is 
a  sufficiently  satisfactory  approximation  for  several  problems) 


where  De  is  the  dissociation  energy  of  t.ie  molecule  counted  from  the 
minimum  of  the  potential  curve,  cog  is  the  oscillation  frequency  of  the 
molecule,  r  is  the  equilibrium  interatomic  distance  of  the  molecule, 
and  Bg  is  the  rotational  constant  of  the  molecule  (see  below),  then 
the  levels  of  the  oscillation  energy  of  the  molecule  may  be  expressed 
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as  a  power  function  of  second  order*  : 

o  (v) » (0 + 4*) — ««*.  (0 + 4*)*-  (1.10) 

The  function  (1.9)  has  a  maximum  at 

*•  i 

r*  (1.11) 

where  the  maximum  value  of  the  vibrational  energy  of  the  molecule  may 

be  found  in  this  case  by  the  simple  relation** 

0  (Pm)  *=  (1»12) 


Since  the  vibrational  energy  of  the  molecule  cannot  exceed  its  dis¬ 
sociation  energy  in  the  given  abate  (if  the  potential  energy  of  the 
non-rotating  molecule  does  not  pass  a  maximum  when  the  distance  be¬ 
tween  the  atomic  nuclei  decreases)  the  maximum  vibrational  energy, 
therefore,  must  agree  with  the  dissociation  energy  of  the  molecule:  If 
we  represent  the  value  of  G(vrnRy)  by  the  relation  (1.8)  and  the  ex¬ 
pression  (1.12),  we  get  a  simplified  formula  used  in  the  determination 
of  the  dissociation  energy  of  the  molecule  in  terms  of  its  oscillation 
frequency  and  the  anharmonicity  constant 


D. 


(1.13) 


This  relationship  was  proposed  for  the  first  time  by  Birge  and  Sponer 
[830]  (see  also  [l4l]).  Obviously,  it  is  only  sufficient  if  the  po¬ 
tential  energy  of  the  molecule  may  be  represented  by  a  Morse  function, 
if  rg  <  r  <  »,  or,  similarly,  if  Eq.  (1.10)  describes  correctly  the 
energy  of  the  oscillation  states  of  the  molecule  within  thu  whole  range 
of  the  values  of  v.  In  the  latter  case,  the  difference  of  the  energy 
of  adjacent  vibrational  states  is  equal  to  Ag  ,  /0  =  <0  ~  2cd  x  —  2u>  x  v 
and,  therefore,  the  intervals  between  the  adjacent  states  decrease 
linearly  with  increasing  v.**'* 


* 
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It  must  be  remarked,  however,  that  Eq.  (1.10)  and  the  correspond¬ 
ing  equation  for  Ag(v)  in  the  most  cases  describe  insufficiently  the 
values  of  G(v)  and  AG(v)  which  were  obtained  by  analysis  of  molecular 
spectra.  The  Morse  function,  as  a  rule,  gives  only  a  general  idea  of 
the  dependence  of  the  potential  energy  of  the  molecule  on  the  magni¬ 
tude  of  the  distance  between  the  nuclei  of  its  atoms.  Indeed,  this 
dependence  is  very  complex  and  it  has  not  hitherto  been  possible,  ir¬ 
respective  of  various  experiments,  to  obtain  such  a  function  which 
would  be  sufficient  for  all  circumstances.  An  analysis  of  various  func¬ 
tions  of  the  potential  energy  of  diatomic  molecules  is  given  in  the 
paper  by  Varshni  [40?2]  (see  also  [l4l]  and  below).  Nevertheless,  it 
is  wellknown  from  experimental  data  as  well  as  on  the  basis  of  the 
assumption  that  the  potential  function  of  the  molecule  may  be  ex¬ 
pressed  in  terms  of  a  potential  func -ion  of  an  anharmonic  oscillator, 
that,  generally,  the  energy  of  the  vibr  tional  states  can  be  satis¬ 
factorily  estimated  by  the  power  function  (1.4)  (see  [151],  p-  69 
and  ff. )-  To  those  cases,  in  which  the  application  of  Eq.  (1.10)  used 
for  the  energy  of  the  vibrational  levels  of  molecules  results  in  con¬ 
siderable  differences  between  the  calculated  and  the  experimentally 
measured  values  of  G(v)  (or  Ag(v)),  one  introduce  into  the  equation  of 
G(v)  terms  proportional  to  the  third  and  higher  powers  of  the  quantum 
number  v.  The  constants  of  such  an  equation,  i.e.,  the  values  of  the 
oscillation  frequency  and  the  anharmonic ity  constants,  are  found  by 
the  method  of  least  squares  on  the  basis  of  the  values  of  G(v)  and 
AG(v).  being  obtained  by  analysis  of  the  vibrational  or  electronic 
spectrum  of  the  molecule.  Since  there  are  not  any  theoretical  consider¬ 
ations  as  to  which  order  Eq.  (1.4)  must  have,  the  order  of  the  equation, 
in  each  concrete  case,  depends  on  the  endeavour  to  obtain  an  equation 
cf  a  low  order  (to  facilitate  tb*»  calculations)  and  on  the  demand  of  a 
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satisfactory  agreement  between  the  values  of  G(v)  calculated  from  this 
equation  and  the  experimental  data. 

Since,  in  the  molecular  spectra  transitions  usually  are  observed 
only  between  a  lesser  number  of  vibrational  states,  ioainly  between 
states  having  low  values  of  v,  the  equations  for  G(v),  obtained  by 
analysis  of  spectra  cannot  sufficiently  approximate  the  energy  of  all 
vibrational  states  of  the  molecule.  Especially,  the  equations  of  third 
and  higher  powers  obtained  by  this  way,  as  a  rule,  neither  permit  the 
calculation  of  the  energy  of  vibrational  levels  in  enighborhood  of 
the  dissociation  limit  nor  even  the  approximate,  evaluation  of  the 
total  number  of  levels  in  the  given  state.  The  vibrational  levels  cal¬ 
culated  by  means  of  such  equations,  converge  either  above  or  below  the 
dissociation  limit  (which  may  be  Judged  on  the  basis  of  independent 
data  for  the  dissociation  energy)  or  otherwise  do  not  converge  at  all 
to  a  defined  limit. 

Since  data,  concerning  the  energy  of  the  oscillation  levels  of 
the  molecules  including  levels  near  to  the  dissociation  limit,  are  ne¬ 
cessary  in  order  to  calculate  the  statistical  sums  of  diatomic  mole¬ 
cules  and  the  thermodynamic  functions  of  the  corresponding  gases  at 
high  temperatures.  It  was  proposed  in  paper  [1773  i*1  determining  the 
constants  in  Eq.  (1.4),  to  consider  two  supplementary  conditions  in 
addition  to  the  experimental  values  of  G(v)  or  AG(v): 

«•(•*.)  (1.14a) 

fggi-1— _  _  0,  ( 1.  XUt. ) 

The  condition  (1.14a)  takes  place  in  cases  when  a  maximum  on  the 
potential  energy  curve  is  absent.  The  condition  (l.l4b)  is  the  condi¬ 
tion  of  the  convergence  of  the  vibrational  energy  levels  to  the  dis- 
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sociation  limit.  Both  conditions  are  not  completely  accurate,  because 
the  energy  of  the  last  vibrational  state  of  the  molecule  never  coin¬ 
cides  exactly  with  the  value  of  DQ,  and  the  value  of  Gq(v)  is  a  dis¬ 
crete  function  of  v.  However,  the  hitherto  known  experimental  data 
for  a  series  of  molecules,  shown  that  the  determination  of  the  vib¬ 
rational  constants,  in  consideration  of  these  add3tional  conditions  is 
by  all  means  admissible.  The  solution  of  the  system  of  obtained  equa¬ 
tions  may  be  carried  out  as  usual  by  the  method  of  least  squares  apply¬ 
ing  successive  approximations  in  order  to  determine  the  value  of  vmax*  * 
The  number  of  terms  in  Eq.  (1.4),  i.e.,  the  order  of  this  equation, 
depends  only  on  the  required  accuracy  of  the  description  of  the  ex¬ 
perimental  data.  As  we  will  point  out  below  (see,  for  example,  the 
sections  on  the  molecular  constants  of  02  and  CO),  the  application  of 
the  specified  method  permits  the  obtaining  of  equations  which  describe 
satisfactorily  the  found  experimental  values  of  G0(v)  and  which  re¬ 
sults  in  a  convergence  of  the  vibrational  levels  near  to  the  dissocia¬ 
tion  limit,  and  also  the  determination  of  the  value  v.„„  being  macie 
possible. 

In  cases  when  the  exper_mental  data  for  the  values  of  G(v)  or 
Ag(v)  are  known  for  v  <  v^,  and  they  describe!  satisfactorily  by  an 
equation  of  n-th  power,  but  these  equations  give  incorrect  values  of 
the  dissociation  energy  when  extrapolating  the  equation  to  values 
v  >  v^.,  more  simple  methods  may  be  applied  to  determine  the  energy  of 
levels  with  v  >  v^.  Thus,  an  additional  term  proportional  to  v  in  a 
n  +  1  or  n  +  2  power  may  be  introduced  into  the  wellknown  equation  of 
the  n-th  power,  by  choosing  a  coefficient  of  this  term  which  does  not 
disturb  the  agreement  of  the  experimental  and  the  calculated  values  of 
G(g)  at  v  <  vk  the  conditions  (l.l4a)  and  (l.l4b)  remaining  satisfied, 
at  the  same  time. 
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In  the  event  that  it  is  difficult  to  get  an  equation  which  satis¬ 
factorily  estimates  the  energy  of  the  levels  in  the  whole  range  of  the 
values  of  v,  we  can  formulate  a  second  equation  for  v  >  v^,  conjuga¬ 
ted  to  the  first  equation  in  the  range  v  «  vk  and  securing  the  con¬ 
vergence  of  the  levels  near  to  the  dissociation  limit.  The  constants 
of  this  equation  for  Gq(v)  may  be  obtained  on  the  basis  of  the  condi¬ 
tions  ^(v^)  -  D0,  [dG^vJ/dv]  =  0,  (£  (o*)  =0,  (o*j, 

=  Gq(Vj.  _  ^),  etc.,  where  the  total  number  of  applied  relations  must 

be  equal  to  the  power  of  the  new  equation  plus  one.  When  determining 
the  constants  of  the  equation  G^ ( v) ,  the  condition  of  an  equality  of 
the  functions  G^(v)  and  GQ(v)  at  v  =  v^,  vfe-1,  vk_2,  etc.  may  be  re¬ 
placed  by  the  condition  that  these  functions  and  their  derivatives 
must  be  equal  for  the  value  v  =  v^. 

Rotational  states  of  diatomic  molecules.  In  each  oscillation 
state,  the  diatomic  molecule  possesses  a  system  of  levels  of  rotation¬ 
al  energy  related  to  the  angular  momentum  Tf  of  the  atomic  nuclei  the 
relative  to  the  center  of  gravity  of  the  molecule.  Not  taking  notice 
of  the  interaction  of  this  rotation  with  the  motion  of  the  electrons 
of  the  molecule,  as  taken  for  granted  in  the  xase  of  the  *2  state, 
when  the  quantum  numbers  A  and  S  are  equal  to  zero,  the  total  angular 
momentum  of  the  molecule  is  equal  to  the  momentum  If.  In  this  case,  the 
level  of  the  rotation  energy  of  a  diatomic  molecule  may  be  expressed 
in  terms  of  the  following  power  function  of  the  quantum  number  of  the 
total  angular  momentum  J  (see  [151])*  : 

*.(/)»*,/(/+ (/+!)•  +  //.7*(/+  l)*~I,y«(/+l)«  +  ..^(1:15) 
where  By  Dy,  Hy,  Ly,  ...  are  the  constants  for  the  given  vibrational 
and  electronic  state,  and  By  »  Dy  »  »  ...  is  valid.  These  con¬ 

stants  depend  on  the  value  of  the  vibrational  energy  of  the  molecule. 
For  each  electron  state  of  the  molecule,  the  dependence  of  these  con- 
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stants  on  the  value  of  the  vibrational  quantum  number  v  may  be  repre¬ 
sented  by  the  power  series.  *■ 

B,  —  «i  (*>  +  */*)  + a*  (o  +  */,)*  — a,  (0  -f  . . .  =*  #•  —  +  <*»0* — 

—  «£*  +  ...  (1.16) 

D,  »  D.  -  k  lb  +  *4)  +  fc  (o  +  V,)*— . . .  =  D.  -  p;  V  +  & .  o»- . . . 

//•  —  H»  —  Yi(®  +  Vj)+...  =  ff|  —  Yr.0  *r . ... 

where  Bg  »  a1  »  «2  »  cu^  *  De  »  ^  »  P2  etc*  Tiie  constants  with 

the  subscripts  e  and  0  relate  to  the  minimum  of  the  potential  energy  of 

the  molecule  and  to  its  lowest  vibrational  state,  respectively. 

It  must  be  mentioned  that  the  constant  Bg  is  donnected  with  the 

moment  of  inertia  I  of  the  molecule  and  its  interatomic  distance  r„ 

e  e 

by  the  simple  relation 

a  k  k 

BtX=  8 **/,  *“  fctfqir*  *  (3-17) 

where  h  is  the  Planck  constant,  £  is  the  velocity  of  light  (see  Sup 
plement  2),  n  =  ml*m2  _  is  the  reduced  mass  of  the  molecule  (nn  and  m2 

are  the  masses  of  the  atoms  of  the  molecule). 

The  values  of  the  constants  in  Eqs.  (1*15)  -  (1.16)  may  be  fo\md 
by  analysis  of  t;he  fine  structure  of  vibrational  and  electronic -vibra¬ 
tional  spectra,  where  a  specific  set  of  constants  corresponds  to  each 
electronic  state  of  the  molecule.  At  the  present,  however,  the  values 
of  the  constants  in  the  equations  of  the  levels  of  rotational  energy 
are  known  only  for  a  'mall  number  of  molecules  and  not  for  all  inves¬ 
tigated  electronic  states,  due  to  the  insufficient  resolving  power  of 

-V 

the  spectral  devices  and  the  complex  structure  of  the  rotational  spectra. 
Moreover,  generally,  only  the  constant  Be  and  Dg  in  Eq.  (1.15)  and  the 
constant  in  Eq.  (1.16)  can  be  determinedly  analysis  of  the  spectrum, 
because  in  the  molecular  spectra  transitions  can  be  observed  usually 
between  a  small  number  of  rotational  levels  with  low  values  of  the 
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quantum  number  J,  belonging  to  the  lower  vibrational  states.  Although 
the  constants  of  these  equations  having  higher  powers  of  the  quantum 
numbers  can  be  calculated  generally  from  the  oscillation  constants  and 
the  constants  Bv  and  Dy  (see  below,  p.86),  yet,  it  is  impossible  to 
determine  the  energy  of  rotational  states  with  high  values  of  the  quan¬ 
tum  number  J  (being  essentially  higher  in  comparison  with  those  at  which 
transitions  in  spectra  were  observed).  The  situation  is  rendered  more 
difficult,  because,  unlike  the  vibrational  levels,  the  rotational  levels 
of  the  molecules  do  not  converge  to  a  determined  level  when  increasing 
the  quantum  number,  whereas  the  intervals  between  them  increase  with 
increasing  J.*  The  experimental  data  and  the  theoretical  analysis  prove 
especially,  that  all  molecules  possess  rotational  levels  with  energies, 
which  exceed  the  energy  of  the  dissociation  level  of  the  given  elec¬ 
tronic  state  of  the  molecule. 

It  must  be  noted  (see  [4322]),  in  the  case  of  light  molecules, 

H£,  for  example,  which  possess  great  rotational  constants,  that  the 
magnitude  of  F  (J)  at  high  values  of  J  depends  essentially  on  the  num- 
ber  of  terms  in  the  power  series  which  approximate  this  function.  In 
order  to  eliminate  the  errors  caused  by  the  application  of  rotational 
constants  obtained  by  transitions  between  states  with  low  values  of  J, 
Woolley,  Scott  and  Bricwedde  [4329]  have  proposed  to  add  to  the  ex¬ 
pression  (1.15)  the  sum  of  a  geometric  progression  in  which  the  ratio 
of  the  coefficients  of  the  subsequent  terms  is  constant  and  equal  to 
the  ratio  of  the  constants  Ly  and  Hy.  Thus  the  Eq.  (1.15)  assumes  the 
following  form: 

iisv+m* 

+  /yU-i- 
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Fig.  3.  Effective  potential  curves  of  the  HgH  molecule  in  electronic 
ground  state  (Herzberg  [151]). 

The  levels  of  the  vibrational  energy  are  marked  to  the  lower  curve, 
corresponding  to  v  =  0.  For  the  other  curves,  the  levels  of  the  vi¬ 
brational  energy  are  shifted  upwards  by  a  value  which  is  equal  to  the 
difference  of  the  energy  of  the  minima. 


At  the  same  time,  at  least  the  total  number  of  rotational  levels 
of  the  molecule  in  the  given  electronic  and  vibrational  state  must  be 
known  in  order  to  calculate  the  thermodynamic  properties  of  gases  at 
high  temperatures.  In  principle,  the  determination  of  the  maximum 
values  of  the  quantum  numbers  J  is  made  possible  by  analysing  the  func 
tions  of  the  potential  energy  of  diatomic  molecules.  An  approximate 
method  of  the  determination  of  the  corresponding  values  used  for  a  sub 
sequent  calculation  of  the  statistical  sums  and  the  thermodynamic  func 
tions  of  diatomic  gases  was  developed  as  shown  in  the  papers  [177>  688 
and  401] . 


-  72  - 


The  potential  energy  of  the  rotating  molecule  increases  at  the 
expense  of  the  kinetic  rotational  energy  which  is  proportional  to 
J(J  +  1).  Assuming,  according  to  [177],  the  Morse  function  (1.9)  to 
he  the  potential  energy  of  a  nonrotating  molecule,  and  the  relation 
(1.15)  to  be  the  energy  of  the  rotational  levels,  where  we  restrict 
ourselves  to  the  first  two  terms,  the  effective  potential  energy  will 
assume  the  form  (R  =  r/r  ) 

V<r)~Z>.[  l-«  'Ytt* 

,  BpV+i)  DSV+  l)* 

"l  2P  •  j 

1 

3 

At  J  >  0,  potential  curves  which  lie  higher  than  the  potential 
curve  of  the  nonrotating  molecule,  correspond  to  the  function  (1.19) 

(Pig. 3).  In  addition  to  a  minimum,  the  pertinent  curves  possess  a  max- 

I 

imum  at  r  >  r0,  where  the  distance  on  the  ordinate,  i.e.  the  depth  of 

the  potential  well  Av(r),  characterizes  the  stability  of  the  molecule  j 

I 

in  the  given  rotational  state.  The  more  J  increases  the  smaller  be-  I 

| 

comes  the  depth  of  the  potential  well;  for  a  certain  value  of  Jn  the  \ 

I 

minimum  and  maximum  coincide  on  the  potential  curve,  and  the  molecule 

becomes  unstable.  Inasmuch  as  the  molecule  in  any  optional  stable  i 

1 

state  must  possess  discrete  levels  of  the  vibrational  energy,  it  is  | 

apparent  that  the  depth  of  the  potential  well  of  a  stable  state  can- 

not  be  smaller  than  the  value  of  Gq(v),  and  the  maximum  value  of  J  | 

must  be  smaller  than  the  value  of  J.  If,  in  the  given  electronic  | 

*•  ? 

state,  the  quantum  number  v  increases,  the  maximum  value  of  J  decreas-  ! 

es;  in  this  way,  the  number  of  rotational  levels  decreases  the  more  | 

the  oscillation  energy  of  the  molecule  increases.  I 

The  depth  cf  the  potential  well  may  be  determined  by  calculation  1 

of  the  values  of  R  =  r/rg  for  the  extreme  points  of  the  potential  ? 

§ 

curve  and  introducing  them  into  Eq.  (1.19).  The  values  of  R  and  R  J  1 

max  min  I 
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are  determined  by  the  condition  dV(r)  =  0.  Assuming  for  V(r)  the  ex- 

cSr 

pression  (1.19)#  we  obtain  from  this  condition 

=  +  1)*.  i1-20) 


where 


The  introduction  of  the  values  of  Rmax  and  Rmir)  obtained  by  so¬ 
lution  of  Eq.  (1.20)  into  the  equation  of  the  effective  potential  en¬ 
ergy  (1.19)  results  in  the  values  of  Av(r)  =  Vmax  Vmin*  which  are 
functions  of  the  quantum  number  J.  The  values  of  AV  found  by  this 
manner  may  be  represented  graphically  as  a  function  of  the  quantum  num 
ber  J  (Fig.  4).  The  values  of  Jmax  for  each  vibrational  state  of  the 
molecule  may  be  found  when  the  values  of  G(v)  are  plotted  on  the  or¬ 
dinate  axis  of  Fig.  4,  and  the  direct  lines  parallel  to  the  abscissa 
axis  are  plotted  for  all  values  of  v  drawn  up  to  intersection  with 
the  curve  Av(r)  -  f(J). 


ioooo  tom  Jtooo  am  soooc 

Fig.  4.  Jj,^  as  a  function 

as  a  function  of  v  for  the 

X2!!  electronic  state  of  the 
+  ® 

1 2  molecule. 


The  values  for  Jm&x  calculated 
from  the  above  described  method  used 
for  the  X2^  state  of  HgH  (v  =  0),  the 
state  of  0o  (v  =H)  and  the 
state  of  LiH  (v  =  0),  and  also  the 
values  of  J  corresponding  to  the  last 
lines  observed  in  the  spectra  of  these 
molecules  are  compared  with  in  Table  4. 
For  HgH,  the  value  of  Jn  j.s  also  given 
whereat  the  minimum  vanishes  on  the  po¬ 
tential  curve,  and  JD,  whereat  the  ro¬ 
tational  energy  of  the  molecule  is  equal 
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to  its  dissociation  energy*  One  may  assume  that  the  total  coincidence 

of  the  calculated  J _ _  values  together  with  the  J  values  of  the  last 

max 

lines  observed  experimentally  is  purely  accidental,  and,  that  indeed 
there  exist  in  these  molecules  still  on  or  more  rotational  levels. 
Nevertheless,  such  accuracy  is  completely  satisfactory  to  the  subse¬ 
quent  application  of  the  corresponding  values  in  the  calculation  of 
the  statistical  sums. 

TABLE  4 

Comparison  of  the  Calculated  Val¬ 
ues  of  JTnov  with  the  Experimental 

Data. 


J 

HgH 

Liff 

o. 

^■U,  MM 

20 

8 

11 

Am,  mu 

30 

8 

IS 

'o  2 

30 

— 

— 

K 

SO 

—  . 

— 

1)  Vychj  2)  eksp. 


Interaction  of  the  motion  of  the  electrons  and  the  nuclei  of  the 
molecule.  In  the  event  that,  in  a  given  electronic  state,  the  quantum 
numbers  A  and  S  are  not  equal  to  zero,  the  magnitude  of  the  rotational 
energy  depends  not  only  on  the  angular  momentum  Tt  of  the  nuclei  of  the 
molecule,  but  also  on  the  magnitude  of  the  projection  of  the  orbital 
angular  momentum  X  of  the  electrons  on  the  axis  of  the  molecule,  and 
on  the  electron  spin  T>.  The  functional  dependence  of  the  energy  of  the 
rotation  levels  of  the  molecule  on  the  value  of  the  quantum  number  of 
its  total  momentum  J  is  determined  by  the  interaction  of  the  vectors 
%  A,  and  T?.  Five  fundamental  types  of  the  interaction  of  these  vec¬ 
tors  have  been  investigated  by  Hund  and  are  termed  Hund's  coupling 
cases  a,  b,  e,  c,  and  e.  The  investigation  of  the  peculiarities  of  the 
interaction  of  the  vectors  in  each  case  of  coupling  is  beyond  the 


§ 
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scope  of  this  Handbook}  an  accurate  discussion  of  these  problems  is 
given  in  the  monographs  by  Herzberg  [151#  2020]  and  also  in  the  papers 
by  Mulliken  [2976#  2981,  2982]. 

It  must  be  noted  in  the  majority  of  the  electronic  states  of 
molecules  investigated  as  yet  that  the  interaction  of  the  vectors  TT, 

X  and  T>  becomes  similar  to  the  Hund  coupling  cases  a  or  b,  or  it  is 
intermediate  between  them.  The  Hund  coupling  case  a  is  realized  main¬ 
ly  in  states  with  A  >  0,  i.e.,  in  n,  A,  ...  states.  A  magnetic  field 
with  the  direction  of  the  axis  of  the  molecule  and  proportional  to 
A  arises  in  these  cases  due  to  the  present  moment  of  orbital  motion  of 
the  electrons.  The  vector  7?  is  quantized  with  regard  to  the  molecule 
axis  as  a  result  of  interaction  with  this  field,  and  2  is  the  quantum 
number  of  the  component  of  this  field  in  the  field  direction.  The  quan¬ 
tum  number  J  of  the  angular  momentum  of  the  molecule  is  in  this  case 
equal  to  the  sum  of  the  quantum  numbers  ft  (see  p.  57)  and  H,  and 
assumes  the  values  ft,  ft  +  1,  ft  +  2,  ...  (the  quantum  number  ft  assumes 
integral  or  half -integral  values  as  a  function  of  the  multiplicity  of 
the  state,  i.e.,  on  the  number  of  the  unpaired  electrons  of  the  mole¬ 
cules)  . 

Taking  into  ac>.  ount  the  interaction  of  the  orbital  and  spin  mo¬ 
menta  of  the  electrons,  equal  to  AA2,  where  A  is  the  interaction  con¬ 
stant,*  the  equation  for  the  rotational  energy  has  the  following  form 
in  the  Hund  coupling  case  a  [2976]: 

F,  (J)  *=  AA2  [/(/  +  I)  -f  S (S  +1)  —  Z*  —  ft*]  —  DJ*  (/+!)*+  <r (2,  J).  ( 1. 21) 

In  multipiet  electronic  states  (i.e.,  at  S  >  0)  the  quantum  num¬ 
ber  ft  assumes  2S  +  1  values.  Such  states  split  up  into  2S  +  1  substates, 
each  of  which  is  characterized,  generally,  by  its  own  set  of  constants 
B  and  Dy.  Thus,  all  rotational  levels  of  multipiet  states  are  com- 
osed  of  2S  +  1  components  if  J  >  A  +  2  is  valid,  and  the  difference 


of  their  energies  is  approximately  proportional  to  the  value  of  AA2. 

At  A  >  o,  an  additional  small  splitting  takes  place  in  all  ro~ 
tation  levels,  and  is  called  the  A  doubling.  This  splitting  is  due  to 
the  fact  that  two  states  (see  p.  57)  correspond  to  values  A  >  0  whose 
energies  are  equal  in  the  case  of  a  non-rotating  molecule.  At  rotation 
the  corresponding  degeneracy  is  removed  owing  to  the  interaction  of 
the  rotational  momenta  of  the  nuclei  and  the  orbital  motion  of  the 
electrons  of  the  molecule j  this  fact  is  considered  in  Eq.  (1.21)  by 
the  component,  which  possesses  fo?r  each  J  two  values  as  follows: 

?a  (2,  J)  and  (2,  J).  Usually,  the  corresponding  splitting  of  the 
rotational  levels  is  small  and  can  always  be  ignored  if  the  statistical 
sums  and  of  thermodynamic  functions  are  calculated. 

In  the  Hund  case  b  it  is  assumed  that  the  ^_iter action  of  the 
vectors  and  Tf  is  weak  and  that  the  vector  T?  is  not  quantized  re¬ 
lative  to  the  molecular  axis.  This  type  of  interaction  is  character¬ 
istic  of  states  with  A  =  0,  i.e.,  of  2  states.  A  resultant  moment  with 
the  quantum  number  K  which  assumes  the  values  A,  A  +  1,  A  +  2,  A  +  3* 
...  is  formed  genera3.1y  at  such  a  type  of  coupling  as  a  result  of 
the  interaction  of  the  rotational  momentum  N  of  the  atomic  nuclei  with 
the  component  A  of  the  orbital  momentum  of  electrons  in  the  direction 
of  the  molecular  axis.  In  this  case,  the  total  angular  momentum  of  the 
molecule  is  equal  to  the  sum  of  the  vectors  Tt  and  "S’,  and  its  quantum 
number  J  assumes  the  values  K+S,  K+S  —  1,  K+S  —  2,  ...,  K—S. 

The  equation  for  the  rotational  levels  of  the  energy  has  the  following 
form  in  a  Hund  coupling  case  b  [2904]  • 

l)~A]-D^1(/C+l),  +  /(K.J~/0  +  ‘P<(/C<A*(l.22) 

Because  2S  +  1  values  of  J  correspond  to  every  value  of  K,  the 
states  with  S  >  0  split  just  as  in  the  Hund  coupling  case  a  into 
2S  +  1  components.  However,  owing  to  the  absence  of  an  interaction  of 


the  vectors  A  and  'S’,  the  splitting  is  minimized  considerably. 

Coupling  types  corresponding  to  the  Hund  cases  a  and  b  are 
limiting  cases  as  well  as  all  the  other  Hund  couplings.  In  actuality 
the  interaction  of  the  angular  momenta  more  or  less  differs  with  that 
which  should  occur  in  the  Hund  cases,  and  is  an  intermediate  one. 
Moreover  the  interaction  of  the  angular  momentun  Tt  with  other  momenta 
will  be  modified  if  the  angular  momentum  increases,  and  this  result 
in  a  change  of  the  type  of  coupling. 

The  majority  of  the  electronic  states  of  diatomic  molecules 

TOO 

dealt  with  in  this  Handbook  are  states  of  the  six  types  2,  "2,  ->2, 
il,  n  and  -’ll,  where  the  type  of  coupling  in  these  states  (excluding 
the  ^2  states)  pertains  to  the  Hund  cases  a  and  b  or  has  an  interme¬ 
diate  position  between  them.  Expressions  for  the  rotational  energy 
levels  in  states  of  the  types  22,  ^2,  2H  and  for  ("hi  states  the 
expression  of  the  rotational  energy  coincides  with  the  expression  of 
the  ^2  state),  will  be  referred  to  below. 

p 

The  equations  of  the  energy  levels  of  molecules  in  2  states, 
pertaining  to  the  Hund  coupling  case  b,  to  which  belong  all  states  of 
this  type  investigated  up  to  date,  were  developed  by  Mulliken  [2976]. 

These  equations  are  different  from  both  sub states  and  have  the 
following  form: 

(K)  -  BJK  (K  +  1) -M*  (*  +  1)*  -  \  (*  +  1). 

y  (l-23) 

•  F?>(K)  =  B.K(K  +  l)-D,K*{K+  + 

where  K  is  the  rotational  quantum  number  which  assumes  the  values 
0,  1,  2,  ...  The  quantum  number  J  of  the  total  angular  momentum  is 
equal  to  K  ±  S  =  K  ±  1/2  and  assumes  the  values  1/2,  3/2,  5/2,  . . . 
for  the  substate  (K),  and  the  values  3/2,  5/2,  7/2,  ...  for  the 

substate  F^2^  (K).  For  the  investigated  molecules,  y  «  By,  is  valid. 
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and  only  in  the  case  of  HgH  the  constant  y  is  commensurable  with  By. 

The  rotational  levels  of  molecules  in  ^2  states  at  a  coupling 
intermediate  between  the  Kund  cases  a  and  b  are  described  by  equa¬ 
tions  which  were  proposed  by  Schlapp  [3623]*: 


(K)  -  B.K  (K  +  1)  — D,K*(K  +  1)*  +  B.(2K  ^3) X  +  p  (It  +  1)  - 
~V (2it  +  3)*fl*  +  xf--2*4  I  (1#g4) 

F»  (*)  »  B,K  (it  +  1)  ~D.K *  (K  +  1)*  (2K - 1)  - + 

•  '  *  +  V(2K  - 

where  K  =  0,  1,  2,  ...j  the  quantum  number  J  assumes  the  values  K+  1,K 
and  K  —  1  for  the  substates  F^(K),  F^(K)  and  F^(K),  and  levels 
with  K  =  0  are  absent  in  the  substates  F^(K)  and  F^(K). 

The  constant  X  is  commensurable  with  By  for  all  molecules  in¬ 
vestigated,  and  m-  «  X. 

2 

The  rotational  levels  of  molecules  In  n  states  and  a  coupling 
intermediate  between  the  Hund  cases  a  and  b  may  be  represented  by  the 
Hill  and  Van  Vleck  equations  [ 2073] • 

F?\(J)=  —  0,75  B,  +  B,J  (J  +  1)  -D'J*  (/  -f  I)*  + 

+B.  //(/+»+ 

(1.25) 

F?»(J)«  -  0.75  BmJ  (/  +  1)  -0.  J •  (/  +  I)* — 


(1.25) 


For  the  substate  the  quantum  number  J  assumes  the  values 

1/2,  3/2,  5/2,  and  for  the  substate  "IT  ^2  the  values  are  3/2, 

•/,.  V,..*.  In  the  Hund  case  b,  the  constant  A  is  commensurable  with 
the  rotational  constant  B  cf  the  molecule,  whereas  in  the  Hurd  case 
a  A  »  Bv  is  valid. 

The  energy  of  the  rotational  levels  of  molecules  in  the  % 
state  with  a  spin-orbital  coupling  intermediate  between  the  Hund 
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cases  a  and  b  is  represented  by  equations  obtained  by  Budo  [100S]: 


fi"  =  (y+l)-D.y*  (7  +  1)«  -  B.  {ly,  +  47  (7  +  1)1*  +  f  } 

f“(7)-B^(7+t)-o.7«(7  +  d>  +  g..4'gri24j(y+l<)'r  f1-26) 

7?(7)  -  BJ  (7+1)  -TV*  (7+1)*  +  B.{l».  +  47  (7  +  1)1*  - 1  -jg +S(<  +  111  }• 

where 

yt  =  K(K-4)  +  4.  =  K(K-1)-A 

and  the  quantum  number  J  assumes  the  values  0,  1,  2,  ...  for  the  sub¬ 
state  ^IIq,  the  values  1,  2,  3 »  •••  for  the  substate  and  the 

values  2,  3,  4,  ...  for  the  substate  ^n2. 

It  must  be  noted,  that  the  splitting  constants  in  the  equations 
(1.21)  and  (1.22)  and  in  the  analogous  general  equation  of  the  case 
intermediate  between  the  Hund  cases  a  and  b,  are,  as  a  rule,  unknown 
in  the  case  of  substates  which  do  not  belong  to  the  discussed  types 
of  electronic  states. 

On  the  statistical  weights  of  rotational  states  of  diatomic  mole¬ 
cules.  The  statistical  weight  of  the  rotational  energy  levels  of  a 
molecule  is  equj.i  to  2J  +  1,  neglecting  the  spin  of  the  nuclei  of 
the  atoms  which  form  the  molecule.  This  value  must  be  multiplied  by 
the  product  ^I-j^  +  1)  (2I2  +  1),  where  I1  and  I2  are  the  spins  of  the 
corresponding  nuclei  in  order  to  take  into  account  the  nuclear  spins 
in  the  case  of  nonsymaetric  molecules,  i.e.,  of  molecules  whose  atomic 
nuclei  differ  either  in  mass  or  charge.  Thus,  the  statistical  weight 
of  the  rotational  levels  of  asymmetric  molecules  Is  equal  to 

(2.'i+l)(2/.+  l)(2V  I).  (1.27) 

In  summetric  diatomic  molecules,  the  rotational  energy  levels 
which  correspond  to  even  and  odd  values  of  the  quantum  number  J  de~ 
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pend  in  a  different  manner  on  the  magnitude  of  this  quantum  (see 
Herzberg  [151]#  p«94).  In  the  one  sequence  of  levels,  the  statisti¬ 
cal  weight  is  equal  to 

/h  =  /<2/+l)(2/+l).  (1.28) 

and  in  the  other  it  is  equal  to 

1)J2/+1)(2/+D.  (1.29) 

where  I  is  the  spin  of  the  nuclei  of  the  atoms  which  form  the  mole¬ 
cule. 

If  the  electronic  state  of  the  molecules  is  characterized  by  the 
signs  u  or|  (12^  or  ^2“  for  example)*,  and  the  nuclear  spin  is  a 
half -integer,  the  rotation  levels  with  odd  values  of  J  (or  K  in  the 
Hund  case  b)  liave  the  statistical  weight  p.^,  and  those  with  even 
values  the  statistical  weight  pg.  If  the  nuclear  spin  is  an  integer, 
the  statistical  weights  p1  correspond  to  the  levels  with  even  values 
of  the  quantum  number  J  (or  K),  and  the  statistical  weights  p2  cor¬ 
respond  to  those  with  odd  values.  In  the  event  that  the  states  are 

characterized  by  the  signs  u  or  g  (  2“  or  2“  states,  for  example), 

6  § 

the  inverse  relationship  takes  place  (see  Table  5)« 


TABLE  5 

Statistical  Weights  of  Rotational  Levels  of  Sym¬ 
metric  Molecules 


]_  HkACKCU  MCKTPOHNOTO  COCTO«S«« 
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m 
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.  ♦ 

a 

2  cava 

■Oeluft 

BOJiyue* 

2i 

af«Mi 

mo*ynt- 

4  «*• 

CramcniaeciuiA  mc  iptau-  6**™“* 

* 

p» 

Pt 

Pi 

1  5MMUU  vpoueft  1  ; 

j  5  '7*«eT«iix  j  pt 

L  * 

Pi 

Pt 

1)  Indices  of  the  electronic  state;  2)  nuclear 
spin;  3)  integral;  4)  half -integral;  5)  statis¬ 
tical  weight  of  the  rotational  levels;  6)  even; 
7)  odd. 


We  have  seen  in  the  aforesaid  that  in  symmetric  diatomic  mole- 
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cules  with  a  nuclear  spin  equal  to  zero  (as  in  the  case  of  the  Cr° 
atom),  each  second  rotational  level  is  lacking  (the  even  or  the  odd 
one,  depending  on  the  symmetry  of  the  wave  function). 

In  the  case  of  electronic  states  with  values  A  >  o  (n.  A,  etc.) 
each  rotational  level  consists  of  two  components  caused  by  the  A 
doubling.  These  conponents  have  the  statistical  weights  and  p2, 
respectively;  and  the  statistical  weights  p-j^  and  p2  correspond 
alternatively  to  the  lower  and  the  upper  component  at  a  successive 
change  of  the  quantum  number  J. 

Choice  and  estimation  of  the  molecular  constants.  On  the  basis 
of  the  aforesaid  the  energy  of  any  state  corresponding  to  the  quan¬ 
tum  numbers  v  and  J  (or  K)  and  belonging  to  the  i-th  electronic 
state  with  the  excitation  energy  may  be  found  by  the  relation: 

EP-Tf  +  CP{p)-i (1-30) 

The  constants  in  Eq.  (1.30)  are  determined  by  analysis  of  the 
electronic,  vibrational  and  rotational  spectra  of  the  molecules.  The 
methods  used  to  determine  these  constants,  termed  molecular  constants 
in  this  Handbook,  are  exposed  in  Herzbei j’s  monograph  [151,  2020] 

(see  also  [241,  2252,  3825]). 

In  this  Handbook,  the  choice  of  the  molecular  constants  is 
based  on  the  analysis  of  the  results  of  investigations  of  the  cor¬ 
responding  molecular  spectra,  published  in  literature  up  to  1961.  A 
short  summary  on  the  results  of  spectral  investigations  of  each  mole¬ 
cule  and  the  reason  for  the  choice  of  the  constants  accepted  Hand¬ 
book,  are  given  in  the  Divisions  on  the  molecular  constants  of  the 
corresponding  Chapters.  It  must  be  noted  that  the  choice  of  the  con¬ 
stants  of  diatomic  molecules  was  essentially  facilitated  by  the  fact 
that  Herzberg  [2020]  and  an  author  team  led  by  Rosen  [649]  had  pub¬ 
lished  in  1950  and  1951  summaries  concerning  the  recommended  values 
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of  diatomic  molecules.  In  these  summaries,  the  entire  amount  of  lit¬ 
erature  published  up  to  19^9  and  1950*  respectively,  was  discussed 
thoroughly.  Thus,  in  the  case  of  new  investigations  of  the  spectra  of 
a  given  molecule  not  being  published  after  publication  of  these  sum¬ 
maries,  its  constants  were  assumed  in  accordance  with  the  recommenda¬ 
tions  of  the  authors  of  the  mentioned  papers  [ 2020  and  649] • 

The  values  of  the  constants  of  diatomic  molecules  chosen  in  this 
Handbook,  are  quoted  in  separate  Tables  for  the  compounds  treated  in 
each  Chapter.  The  values  of  the  constants  in  the  equations  (1.5)* 
(1.15)*  and  (1.16)  for  all  electronic  states  of  the  corresponding 
molecules  having  an  excitation  energy  of  up  to  50,000  cm-1  (in  cases; 
where  the  thermodynamic  functions  of  a  gas  were  calculated  for  T  < 

20, 000°K,  all  states  with  Tg  <  100,000  cm-1  are  quoted),  and  also 
the  excitation  energies  of  these  states  and  their  respective  equilib¬ 
rium  interatomic  distances  are  quoted  in  these  tables.  Besides  the 
choice  of  constants  which  were  found  experimentally,  also  a  determi¬ 
nation  of  the  value  of  J  was  carried  out,  and  new  equations  for 

max 

G(v)  corresponding  to  the  conditions  mentioned  on  p.67  were  developed 
in  cases  in  which  this  would  essentially  increase  the  accuracy  of 
the  subsequent  calculations  (mainly  in  the  case  of  calculations  for 
temperatures  higher  than  6000°K). 

Previously,  it  has  been  noted  that  owing  to  the  experimental 
difficulties  and  the  low  probability  of  many  of  the  optical  transi¬ 
tions,  as  well  as  a  number  of  other  reasons,  when  analyzing  the  spec¬ 
tra  of  diatomic  molecules,  we  can  determine,  even  in  the  most  simple 
cases,  only  a  part  of  the  constants  in  the  equations  for  G(v)  and 
Fy(J),  mainly  the  constants  in  the  case  of  low  quantum  number  powers. 
The  rotation  structure  of  the  spectra  cannot  be  investigated  on 
account  of  its  complex  type  and  the  insufficient  resolving  power  of 
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present  spectroscopic  apparatuses,  and  in  such  cases,  the  constants  in 
the  equations  of  the  levels  of  the  rotational  energy  cannot  be  deter¬ 
mined  experimentally.  Finally,  the  spectra  of  a  number  of  diatomic  mo¬ 
lecules  including  the  ones,  treated  in  this  Handbook,  have  not  ben  ob¬ 
tained  up  to  date,  and,  therefore,  all  molecular  constants  of  these 
compounds  are  unknown 

In  the  event  that  all  molecular  constants  are  unknown  or  only  a 
part  of  the  constants  is  wellknown,  the  unknown  values  may  be  estimated 
on  the  basis  of  various  theoretical  or  empirical  relationships.  The 
constants  found  by  such  a  manner  contain  errors,  the  magnitude  of  which 
is  determined  both  by  the  accuracy  of  the  applied  estimation  methods 
and  the  fact  that  the  constants  of  the  given  molecule  are  wellknown 
from  experimental  data.  Let  us  discuss  the  methods  of  estimation  of 
constants  of  diatomic  molecules  which  are  compiled  in  this  Handbook. 

It  was  explained  on  p.59  that  the  determination  of  the  total 
number  of  stable  electronic  states  of  a  diatomic  molecule  and  their 
mutual  position  requires  complicated  quantum-mechanical  calculation 
methods  due  to  the  presence  of  repelling  states,  and  that  these  method., 
give  numerical  results  only  for  the  simplest  molecules,  such  as  II*  or 
H2*  From  experimental  data  it  is  known  that  the  position  of  the  lower 
stable  electron  states  is  usually  the  same  in  the  molecules  AB  and 
AC,  where  B  and  C  are  elements  of  the  same  group  of  the  Periodic  sys¬ 
tem*.  When  experimental  data  are  missing,  this  fact  permits  in  a  num¬ 
ber  of  cases  the  prediction  of  the  existence  of  stable  states  for  some 

molecules,  which  were  not  observed  up  to  date  in  the  spectra,  and  the 

evaluation  of  the  excitation  energies  of  such  states.  The  latter  may  be 
found  on  the  basis  of  the  relation  proposed  by  Shifrin  [463],  accord¬ 
ing  to  which  the  ratio  of  the  excitation  energies  of  the  i-th  state  of 

the  molecules  AB  and  AC  is  inversely  proportional  to  the  ratio  of  she 


equilibrium  interatomic  distances  of  these  molecules  in  the  ground 
state: 

Tjl AB)  rK—c 

rJ(AQ  'a-b*  (1-31) 

The  more  analogous  are  the  structures  of  the  electron  shells  of  the 
atoms  B  and  C,  the  more  valid  is  this  relation. 

When  the  constants  u>  .  rox  and  are  known  for  a  given  elec- 
tronic  state  of  the  molecule  some  other  constants  in  the  equations  for 
G(v)  and  Fy(J)  and,  primarily,  a^,  Dg  and  He  may  be  calculated  by  means 
of  various  approximate  relations  obtained  theoretically.  Such  relations 
may  be  obtained,  especially,  on  the  basis  of  the  work  by  Dunham  [l4l8, 
1419]  which  approximated  the  potential  function  of  the  diatomic  mole¬ 
cule  by  a  series  of  powers  of  £  =  r  ~  re  : 


V  (r)  -  a,?  (1  -a&  +  a,?- . . .), 


(1.32) 


where  aQ  =  ^e  ,  a^,  a2,  a^j  •  • .  are  constants.  At  =  a2  =  .  •  •  =  0, 

this  function6 of  the  potential  energy  is  identical  with  the  potential 
function  of  the  harmonic  oscillator. 


V  (r)  =  **  y  tek,  (r — r,)*,  (1.33) 


v;here 


2 

—  4n*c*|ia£  =  hca*  — . 

After  substituting  the  function  V(r)  into  the  Schrddinger  equa¬ 
tion  for  energy  levels  of  the  molecule  in  a  singlet  electronic  state 
we  obtain  the  equation 

E  ~  1V+  Yw  (o  +  V,)  +T„  (v  -{-  */,)*  +  Y„  (v  +  */,)*.+  . .  .+ 

+  (v  +  *4)  +  Yu  (v  +  «/J«  +  . .  .1 J  (/  +J)  + 

+  »'«  +  ir»(o  +  v^  +  ...iy»(/  +  i),+ 

-  85  - 


•  •  •• 


(1.34) 


where  Y  Q,  Y2Q,  Y^q,  ...  correspond  to  the  constants  u)^,  oaexe>  u>eye, 
and  the  coefficients  YQ1,  Y^,  Yq2,  . . .  correspond  to  the  constants 
Bg>  Q'j*  ... 

Dunham  has  she  .m.  that  the  constants  Yik  in  the  equation  (1.34) 
may  "be  represented  by  the  oscillation  frequency  o)g  of  the  molecule,  i 
rotational  constant  B  ,  and  the  functions  of  the  coefficients  a,,  a0, 
...  in  Eq.  (I.32).  Hence,  particularly,  the  following  simple  relation 
ships  for  the  constants  a,,  D  .  and  H  may  be  obtained  in  terms  of 

.LG  G 

or  and  B  : 
e  e 


<*1  = 


(1.35) 


(1.36)* 


Similar  relationships  were  obtained  by  a  number  of  authors  by 
application  of  potential  functions  of  another  type.  Thus,  Pekerir. 
[3212]  using  the  Morse  function,  obtained  the  relation 


Birge  (see  [2252])  obtained  the  relation 


(1-38) 


(1-39) 


for  the  constant  in  the  equations  (1.16). 

All  these  relations,  however,  are  approximate.  Whereas  the  va¬ 
lues  of  the  constants  DQ  and  H  calculated  on  the  basis  of  the  rel->- 

G  G 

tions  (I.36)  and  (1.37)  are  in  good  accordance  with  the  experimental 
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data,  analogous  evaluation*.  of  the  constant  (and  also  of  o>exe)  give 
values  v;hich  may  differ  from  the  values  found  experimentally  by  tens 
of  percent  .* 

An  analysis  of  the  various  relations  obtained  of  various  poten¬ 
tial  functions  is  given  in  the  reviews  by  Varshni  [4072,  4073*  4074]. 

In  the  latter  of  these  papers,  an  analysis  of  the  diverse  semi-empirical 
formula  is  given  also  which  may  be  used  to  evaluate  constants.  In  this 
Handbook,  the  estimations  of  the  constants  and  H  were  carried  out 
by  means  of  the  formulas  (I.36),  (1.37)  and  those  of  the  constants 
and  by  means  of  Eqs.  (1.38)  and  (I.39),  respectively. 

Approximate  formulas,  known  also  in  literature,  permit  the  esti¬ 
mation  of  the  magnitude  of  the  constant  tagxe  in  terms  of  co  and  Be« 

The  application  of  these  formulas,  however,  gives  insufficient  results 
when  the  constant  or  x_  is  estimated  for  the  subsequent  calculation  of 
thermodynamic  functions  at  high  temperatures,  because  in  the  latter 
case  it  is  necessary  that  the  constants  and  <agxe  provide  the  con¬ 
vergence  of  the  osciallation  levels  in  the  range  of  the  dissociation 
limit.  Thus,  in  the  event  that  the  dissociation  energy  of  the  molecule 
is  known  from  independent  data,  it  is  more  expedient  to  use  the  re¬ 
lation  (1.12)  in  the  estimation  of  the  constant  o>  x  .  Thus,  when  the 
magnitude  ^^./2  solely  may  determined  by  analysis  of  the  spectrum 
(which  is  the  fact  in  all  cases  when  only  one  band  which  corresponds 
to  the  transition  between  the  states  v  =  1  and  v  =  0  is  observable,  or 
in  the  electron  spectrum  when  only  bands  are  observable  which  corres¬ 
pond  to  transitions  between  both  states),  the  constants  oog  and  ^exe 
may  be  found  by  solution  of  the  following  system  of  two  equations: 


!&(*>/•  —  “  2<il(Xj. 


(1.40) 


For  a  number  of  diatomic  molecules  treated  in  this  Handbook,  ex- 
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perimental  data  on  their  constants  are  lacking  totally.  Since,  in  orde 
to  calculate  the  thermodynamic  functions  of  gases  by  statistical  me¬ 
thods,  the  values  of  the  oscillation  frequency  and  the  rotational  con¬ 
stant  of  the  gas  molecules  in  their  ground  state,  at  least,  must  be 
known  (see  below  p.l63)>  the  calculations,  when  corresponding  experi¬ 
mental  data  are  lacking,  can  be  carried  out  only  by  means  of  the  es¬ 
timation  of  the  mentioned  constants. 

In  cases,  in  which  experimental  data  are  lacking  the  rotational 

constants  of  molecules  are  calculated,  in  this  handbook,  on  the  basis 

of  the  relation  B  =  h _ ,  in  which  the  value  of  the  interatomic 

8m^c|xr2 

distance,  when  being  unknown  was  estimated  approximately.  The  estima¬ 
tion  of  the  interatomic  distance  in  the  diatomic  molecule  AB  may  be 
carried  out  usually  with  the  aid  of  the  length  of  the  A-B  bond  in  any 
other  molecule  (see,  for  example,  the  estimation  of  the  length  of  the 

Be  —  Cl  in  BeCl  by  means  of  data  for  BeCl2  on  p.  1649) .  r^  may  also  be 
estimated  from  covalent  radii  of  the  atoms,  A  and  B.  Finally,  in  the 
paper  [^36J  a  graphical  method  for  the  estimation  of  the  values  of  Be 
was  proposed*  on  the  basis  of  an  investigation  of  the  changes  of  this 
constant  in  a  series  of  monotypic  compounds  of  the  given  period  of  the 
Periodic  System,  of  the  oxides  or  fluorides  of  the  corresponding  ele¬ 
ments,  for  example. 

When  experimental  data  are  lacking,  the  oscillation  frequencies 
of  diatomic  molecules  are  usually  calculated  by  means  of  the  relation 
proposed  by  Guggenheimer  [1880] 

»•  *=  « (z*.  z*)v*  it-Vt*.  (l.4l) 

where  z^,  Zg  is  the  number  of  the  valence  electrons  of  the  atoms  A 
and  B,  re  is  the  interatomic  distance,  \l  is  the  reduced  mass  of  the 
molecule,  a  and  b  are  constants.  In  the  case  of  molecules  with  a 
predominant  covalent  bond,  a  =  2156,  and  b  =  1.23,  and  in  molecules 
vr'th  an  ionic  type  of  bond  a  =  2065,  b  =  0.92,  when  a>Q  is  expressed 
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in  reciprocal  centimeters,  p,  in  atomic  mass  units,  and  rfi  in  angstroms. 
Guggenheimer  has  shown  that  this  relation  permits  the  calculation  of 
oscillation  frequencies  of  more  than  150  molecules  with  a  precision  of 

up  to  5$* 

T 

he  oscillation  frequencies  of  diatomic  molecules  may  also  he  cal¬ 
culated  from  the  force  constants  of  their  bond  by  making  »se  of  the 
relation  (see  (1.33)) 


®«  = 


(1.42) 


after  the  value  of  k  has  been  estimated.  The  latter  as  well  as  the 

e 

constant  Bg,  may  usually  be  estimated  graphically  on  the  basis  of  the 
behavior  of  the  kg  values  in  a  number  of  monotypie  compounds  of  ele¬ 
ments  of  the  given  period  or  group  of  the  Periodic  System.  In  some 
cases,  the  force  constant  of  the  AB  molecule  may  be  estimated  on  the 
basis  of  the  force  constant  of  the  A  ~  B  bond  in  the  AnBm  molecule  when 
the  latter  is  known  as  a  result  of  investigations  of  the  spectra  of  the 

A  B  molecule.  It  must  be  kept  in  mind  that  in  this  Handbook  the  es- 
n  m 

timation  of  constants  has  been  carried  out  usually,  at  the  same  time, 
by  several  methods  which  allow  the  approximate  determination  of  the 
magnitude  of  the  possible  errors  of  the  estimated  quantities. 

Finally,  let  us  discuss  the  case  in  which  the  constants  of  di¬ 
atomic  molecules  can  be  calculated  at  a  high  accuracy  without  inves¬ 
tigation  of  their  spectra.  It  is  known  (see  [151])  that  the  constants 
of  tvjo  molecules  (AB)  and  (AB)1,  which  differ  in  isotopes  of  the  atoms 
A  or  B  (or  of  both  atoms)*  are  different.  According  to  the  latest  the¬ 
ories,  the  potential  energies  of  isotopic  modifications  of  a  molecule, 
their  force  constants  k^  and  the  interatomic  equilibrium  distance  re 
'  'i  are  equal  because  they  depend  only  on  the  charge  of  the  atomic  nuclei 
and  the  structure  of  the  electron  shell  of  the  molecule  and  do  not 
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depend  on  the  mass  of  the  nuclei. 

It  follows  from  the  relations  (1.42)  and  (1.17)  that  the  os¬ 
cillation  frequency  co  and  the  rotational  constant  E  are  proportional 

c  c 

to  and  p”^,  respectively.  Therefore,  the  relation  of  the  oscil¬ 

lation  frequencies  of  two  isotopic  modifications  of  the  given  molecule 
is  equal  to  the  ratio  of  their  reduced  masses  in  the  1/2  power,  and 
the  ratio  of  the  rotational  constants  is  proportional  to  the  ratio  of 
the  reduced  mass  in  the  a  —  1  power.  When  we  denote  ’^p/Mi  by  P>  the 
ratios  of  the  various  constants  of  the  isotopic  modifications  of  the 
molecule  are  proportional  to  the  different  powers  of  p.  The  corres¬ 
ponding  ratios  for  the  constants  of  the  molecules  (AB)  and  (AN)1  in 
the  equations  (1.4),  (1.15)>  and  (1.16)  may  "be  expressed  as  follows: 

•>'  as  pa't.  O'*'  *=  P *<■>«&.  =  P‘«A . 

bJ  ~p*b;,  4  =  P*a11  o4=p4«*.  «!=?•«» .  (1*43) 

Di«»p*^  g  «  P*P, . 

*=  P*Ht,  ti  “  P?T: . 

wherep =  Vptpi.  .an3p  and  p^  are  the  reduced  masses  of  the  molecules  AB 
and  (AB)1,  respectively. 

The  quoted  equations  are  approximate;  they  were  obtained  on  the 
basis  of  a  simplified  quantum-mechanical  theory  of  diatomic  molecules. 
These  equations,  however,  are  satisfied  with  an  accuracy  which  docs 
not  yield  to  the  accuracy  of  modern  experimental  data  in  all  molecules 
not  containing  hydrogen  or  its  isotopes.  The  errors  caused  by  the 
application  of  the  mentioned  formulas  become  essential  for  hydrogen 
and  its  isotopes  and  also  for  the  hydrides  of  light  elements. 

It  was  shown  in  the  paper  [417]  on  the  basis  of  application  of 
the  Dunham  relations  (see  above)  that  a  correcting  factor  of  the  form 

1±~<I-P*).  (1.44) 
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where  a  is  a  small  constant,  must  be  introduced  into  the  expression 
(1,43)  in  second  approximation.  The  relation  (1.44)  shows  that  the 
smaller  are  the  errors  of  calculations,  based  on  the  formulas  (1.43), 

p 

the  smaller  is  the  difference  between  the  value  of  p  and  1,  and  the 
greater  is  the  reduced  mass  of  the  AB  molecule.  Hence,  it  follows  that 
when  estimating  the  constants  of  molecules  which  especially  contain 
the  isotope  tritium,  one  must  start  from  the.  constants  of  the  isotopic 
modification  which  contains  deuterium,  but  not  protium. 

§4.  SIMPLE  POLYATOMIC  MOLECULES 

In  contrast  to  the  diatomic  molecules,  the  polyatomic  molecules, 
including  the  most  simple  considerably  possess  more  complex  systems 
of  energy  states.  These  states,  as  well  as  those  of  diatomic  molecules, 
are  caused  by  the  motion  of  the  electrons  of  the  molecule,  the  oscil¬ 
lations  of  the  nuclei  of  its  atoms,  and  the  rotation  of  the  molecule 
as  a  whole  relative  to  its  center  of  gravity.  If,  however,  the  di¬ 
atomic  molecules  have  only  two  principal  moments  of  inertia  eaual  to 
each  other,  the  polyatomic  molecules  in  the  general  case  possess  three 
principal  moments  of  inertia,  a  fact  that  essentially  complicates  the 
dependence  of  the  energy  of  the  rotational  states  on  the  value  of  the 
quantum  number  of  the  angular  momentum.  Moreover,  in  nonlinear  poly¬ 
atomic  molecules  which  contain  atom  groups  bound  by  an  ordinary  chemi¬ 
cal  bond,  an  internal  rotation  takes  place  (a  free  or  a  retarded  one). 
Instead  of  the  one  vibrational  degree  of  freedom  in  the  diatomic  mole¬ 
cule,  a  polyatomic  molecule  containing  N  atoms  possesses  3N  —  5  vi¬ 
brational  degrees  of  freedom  in  the  case  of  a  linear  molecule,  and 
3N  —  6  —  k  in  the  case  of  nonlinear  molecules,  where  k  is  the  number 
of  degrees  of  freedom  relative  to  the  internal  rotation. 

All  this  causes  a  complexity  of  the  spectra  of  polyatomic  mole¬ 
cules,  particularly  of  their  electronic  vibrational -rotational  spec- 
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tra  that  must  be  investigated  in  order  to  determine  the  totality  of 
the  energy  states  of  the  molecule.  The  complexity  of  the  spectra  of 
polyatomic  molecules  and  the  insufficient  resolving  power  of  the  mo¬ 
dern  spectral  devices  are  the  reason  that  the  spectra  of  even  the  most 
simple  polyatomic  molecules  have  not  been  investigated  sufficiently  up 
to  date,  and  that  the  theoretical  conceptions  of  their  energy  states, 
especially  of  their  electronic  states,  need  to  be  developed  further¬ 
more. 

A  thorough  explication  of  the  problems  pertaining  to  the  ener¬ 
gy  states  of  polyatomic  molecules  requires  the  application  of  the  group 
theory  and  goes  b  yond  the  purpose  of  this  Handbook.  Therefore,  we 
shall  restrict  ourselves,  only  to  uhe  discussion  of  the  problems  which 
are  immediately  related  to  the  tasks  pertaining  to  the  calculations 
of  thermodynamic  functions  of  gases.  It  must  be  noted  that  the  small 
quantity  of  experimental  data  on  constants  of  polyatomic  molecules 
generally  does  not  permit  the  taking  Into  account  of  the  interaction 
of  the  different  types  of  motion,  the  excitation  of  singular  states, 
the  anharmonicity  of  vibrations  and  other  effects  in  the  calculation 
of  the  thermodynamic  functions,  a  fact  that  justifies  the  elementary 
character  of  the  discussion  oi  these  problems  in  this  Handbook.  In  or¬ 
der  to  familiarize  ourselves  fully  with  thp  corresponding  material,  we 
have  to  study  the  monograph  by  Yellyashevich  [l86aj*. 

It  must  be  noted  that  the  energy  states  of  polyatomic  molecules  as 
well  as  their  spectra  essentially  depend  on  the  structure  and  symmetry 
of  the  molecule.  Depending  on  which  elements  of  symmetry  the  polyatomic 
molecule  possesses  in  its  equilibrium  configuration  which  corresponds, 
to  the  minimum  of  potential  energy,  it  belongs  to  one  or  another  point 
group  of  symmetry.  Moiecules  which  belong  to  the  same  point  group, 
which  possess  equal  elements  of  symmetry,  have  many  features  in  comnoi 


-  92  - 


in  the  type  of  their  electronic ,  vibrational  and  rotational  states. 

We  shall  indicate  the  fundamental  classes  of  point  groups  to  which 
belongs  the  majority  of  the  simple  polyatomic  molecules. 

The  molecule  belongs  to  the  point  group  C  when  a  symmetry  axis 
of  the  order  j>  is  the  sole  element  of  symmetry.  In  cases  when  in  addi¬ 
tion  to  the  symmetry  axis  jc  symmetry  planes  av  are  present,  the  mole¬ 
cule  belongs  tc  the  point  group  Cpv.  The  molecules  of  many  substances 
treated  in  this  Handbook  belong  to  the  point  groups  Cpy;  nonlinear 
symmetric  molecules  as  HgO,  N02,  CF2  and  others  belong  to  the  point 
group  C2v,  and  the  tetratomic  molecules  of  the  type  NH^  and  SiP^  be¬ 
long  to  the  point  group  C~y.  All  linear  molecules,  including  the  di¬ 
atomic-  which  do  not  have  a  symmetry  center,  also  belong  to  a  point 
group  of  this  class,  marked  by  the  symbol  C^. 

A  molecule  which  has  in  addition  to  the  symmetry  axis  of  the  or¬ 
der  j>,  a  symmetry  plane  ah  perpendicular  to  the  symmetry  axis,  belongs 
to  the  point  (  p  Cp^.  When  a  symmetry  axis  of  the  order  p  and  p  axes 
of  symmetry  perpendicular  to  it  are  present,  the  molecule  belongs  to 
the  point  group  Dp;  a  molecule  which  has  supplementary  2  symmetry 
planes  going  through  che  symmetry  axis  of  the  order  £  and  bisecting 
the  angies  between  the  axes  of  second  order,  belongs  to  the  point  group 
Dpd;  and,  finally,  when  the  molecule  has  a  symmetry  axis  of  the  order 
p,  p  symmetry  planes  ay  going  through  the  axis  and  forming  with  each 
other  angles  of  36o°/p,  and  also  a  symmetry  plane  perpendic  -ir  to 
the  symmetry  axis,  it  belongs  to  the  point  group  D 

Among  the  molecules  treated  in  this  Handbook,  the  plane  molecules 
of  the  BF^  type  belong  to  the  point  group  D^,  the  molecules  C2Hi+, 

C0F^,  and  C2C.^  belong  to  the  point  group  All  linear  molecules, 

including  the  diatomic  ones,  which  have  a  symmetry  plane  perpendicular 
to  the  molecular  axis,  belong  to  the  group  D^. 
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Out  of  the  point  groups  of  higher  symmetry,  the  tetrahedral  and 
octahedral  groups  must  be  mentioned.  Molecules  having  three  symmetry 
axes  of  second  order  perpendicular  to  each  other,  for  symmetry  axes  of 
third  order,  and  six  symmetry  planes  each  of  -which  goes  through  two 
symmetry  axes  of  third  order,  belong  to  the  point  group  T^.  Out  of 
the  molecules  treated  in  the  Handbook,  the  rolecules  and  CH^  belong 
to  this  point  group.  The  molecules  which  have  three  mutually  perpendi¬ 
cular  symmetry  axes  of  fourth  order,  four  symmetry  axes  of  third  or¬ 
der,  and  a  symmetry  center,  belong  to  the  point  group  0^.  SFg  is,  in 
this  Handbook,  the  single  example  of  a  molecule  which  belongs  to  this 
point  group. 

Electronic  states  of  polyatomic  molecules.  The  systematic s  of  th^ 
electronic  states  of  polyatomic  molecules  are  different  from  those  of 
linear  and  nonlinear  molecules.  The  electric  field  of  a  linear  poly¬ 
atomic  molecule  possesses  axial  symmetry  and,  in  this  way,  is  similar 
to  the  electric  field  of  a  diatomic  molecule.  Therefore,  the  electro¬ 
nic  states  of  linear  polyatomic  molecules,  as  well  as  those  of  diatoms 
molecules  are  characterized  by  values  of  the  quantum  number  of  the 
projection  of  the  total  orbital  momentum  A  of  the  electrons,  which  may 
assume  the  values  0,  1,  2,  ...  States  with  values  of  A  equal  to  0, 

1,  2,  ...,  are  termed  Z,  II,  and  A  states,  respectively.  Electronic 
states  with  Aw  are  uoubly-degenerate  and  have,  therefore,  the  statis¬ 
tical  weight  2. 

The  electronic  states  of  linear  polyatomic  molecules  as  well  as 
those  of  diatomic  molecules  are  characterized,  in  addition  to  the 
quantum  number  A,  by  the  quantum  number  S  of  the  total  electron  spin 
or  the  quantum  number  S  of  the  projection  of  the  total  spin  on  the 
axis  of  the  molecule.  It  must  be  noted  that  the  fundamental  electron¬ 
ic  states  of  linear  polyatomic  molecules  having  filled  electron  shells 
arc  singlet  states  of  the  type. 
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The  total  orbital  momentum  T  of  the  electrons,  as  well  as  that 
of  diatomic  molecules,  does  not  have  a  definite  value  in  nonlinear 
polyatomic  molecules.  However,  in  contrast  to  diatomic  molecules,  its 
projection  on  any  direction  also  does  not  have  a  definite  value,  and 
its  mean  value  is  equal  to  zero.  Therefore,  the  electronic  states  of 
nonlinear  polyatomic  molecules,  which  belong  to  definite  point  groups 
of  symmetry,  usually  are  classified  into  symmetry  types  in  the  same 
manner  as  their  vibrational  states.  In  the  case  of  groups  of  lower 
symmetry  (with  symmetry  axes  not  higher  than  second  order)  only  the 
nondegenerate  electronic  states  A  and  B  are  possible.  In  the  case  of 
molecules  with  a  separated  symmetiy  axis,  for  example  belonging,  to 
the  point  groups  and  Cp4v,  the  electronic  states  are  divided  into 
symmetric  and  antisymmetric  ones  with  regard  to  the  horizontal  axes 
C2,  the  vertical  planes  ov,  and  the  horizontal  planes  ap.  As  well  as 
in  the  case  of  rotational  states  (see  below,  p.100),  the  symmetry  of 
the  electron  wave  function  with  regard  to  these  symmetiy  elements  is 
marked  by  numeral  indices  and  primes  on  the  right  side  of  the  state 
symbol. 

If  the  molecule  possesses  at  least  one  symmetry  axis  of  the  third 
or  a  higher  order,  it  must  have  a  doubly  degenerate  electronic  state 
marked  by  the  symbol  E,  in  addition  to  the  non-degenerated  electronic 
states  of  the  A  and  B  type.  Finally,  if  it  has  at  least  tnree  symmetry 
axes  of  the  third  or  a  higher  order,  threefold  degenerate  electronic 
states  F  are  possible  in  addition  to  the  nondegenerate  and  doubly  de¬ 
generate  electronic  states.  However,  in  contrast  to  the  linear  poly¬ 
atomic  molecules,  whose  stable  electronic  states  may  be  both  non-de¬ 
generate  and  degenerate  due  to  the  A  doubling,  the  degenerate  electro¬ 
nic  states  of  nonlinear  polyatomic  molecules  are  always  instable.  This 
fact  was  proved  by  Jahn  and  Teller  [2202a]  who  showed  that  a  nonlinear 
molecule  in  degenerate  electronic  state  is  instable 


molecule  in  degenerate  electronic  state  is  instable  with  regard  to  con¬ 
tain  incompletely  symmetric  vibrations.  The  instability  of  the  degen¬ 
erate  electronic  states  of  nonlinear  molecules  is  essential  to  the 
thermodynamic  calculations  because  the  type  of  electronic  states  of  a 
great  number  of  molecules  is  unknown  due  to  the  lack  of  corresponding 
experimental  data.  Due  to  the  fact  that  the  degenerate  states  of  non¬ 
linear  molecu3.es  are  instable,  we  can  assume  in  all  cases,  that  the 
statistical  weight  of  any  electronic  state  (not  taking  into  account 
its  multiplicity)  is  equal  to  1*.  The  multiplicity  of  the  electronic 
states  of  non-linear  polyatomic  molecules  is  determined  by  the  value 
of  the  quantum  number  of  the  total  spin  of  the  electrons.  In  the 
ground  electronic  states  of  molecules  having  an  even  number  of  elec¬ 
trons,  the  total  spin  of  the  electrons,  as  a  rule,  is  equal  to  zero, 
and  in  molecules  having  an  odd  electron  number  S  =  1/2. 

The  excitation  of  one  of  the  valence  electrons  of  the  molecule 
may  cause  both  singlet  and  triplet  stable  electronic  states.  The  ex¬ 
citation  of  several  valence  electrons  resulting  in  states  with  S  >  1 
is  also  possible  in  principle;  such  states,  however,  are  rare  excep¬ 
tions,  ana  at  present  they  are  unknown  for  compounds  dealt  with  in 
this  Handbook. 

Vibrational  states  of  simple  polyatomic  molecules.  In  classic 
mechanics,  the  polyatomic  molecule  may  be  represented  by  a  system  of 
matter  points  which  vibrate  about  their  equilibrium  positions  in  the 
intramolecular  force  field.  The  intramolecular  potential  in  first  ap¬ 
proximation  is  proportional  to  the  squares  of  the  relative  displace¬ 
ments  of  the  atomic  nuclei  from  the  positions  which  correspond  to 
the  equilibrium  configuration  of  the  molecule.  In  this  case,  the  po¬ 
tential  and  kinetic  energies  may  be  represented  as  the  sum  of  the 
squares  of  the  values  termed  the  normal  coordinates  (see  Supplement  4) 


The  motion  of  each  particle  of  the  system  in  normal  coordinates 
fulfils  the  equation  (?4. 12),  and  the  corresponding  vibrations  are 
termed  normal  vibrations.  Within  a  system  of  N  particles,  the  number 
of  normal  coordinates  and  normal  vibrations  is  equal  to  the  number  of 
vibrational  degrees  of  freedom,  i.e.,  3N  -  5  for  a  linear  system,  and 
3K  —  6  for  a  non-linear  system.  The  roots  of  the  secular  equation  ex¬ 
pressed  in  normal  coordinates  (see  p. 2005) are  the  normal  oscillation 
frequencies  of  the  system.  If  the  particles  of  the  system  vibrate  with 
a  frequency  which  corresponds  to  one  of  the  normal  vibrations,  each  par¬ 
ticle  performs  a  simple  harmonic  oscillation  in  one  and  the  same  phase. 
Any  complicated  vibration  of  the  system  may  be  considered  as  the  sum 
of  normal  vibrations  with  corresponding  amplitudes. 

In  the  non-linear  molecules  which  do  not  have  symmetry  axes  of  an 
order  higher  than  second  order,  the  frequencies  of  all  normal  vibra¬ 
tions  are  different.  However,  in  linear  and  non-linear  molecules  which 
have  symmetry  axes  of  the  third  and  higher  order,  some  roots  of  the 
secular  equations,  and,  therefore,  also  some  frequencies  of  normal  os¬ 
cillations  coincide.  Such  vibrations  are  termed  degenerate  vibrationc, 
and  the  degree  of  degeneracy  is  marked  by  the  symbol  dn. 

The  normal  vibrations  of  a  molecule  may  be  classified  on  the  basis 
of  the  changes  which  are  caused  by  each  vibration.  According  to  this, 
valence,  deformational,  torsional  and  mixed  vibrations  of  simple  po¬ 
lyatomic  molecules  are  able  to  be  distinguished.  The  valence  vibra¬ 
tions  correspond  to  such  dislocations  of  the  atomic  nuclei  from  the 
equilibrium  position  which  result  in  a  change  of  the  length  of  the 
chemical  bond  between  the  atoms.  The  deformational  vibrations  mainly 
cause  displacements  of  the  atomic  nuclei  which  change  the  angles  be¬ 
tween  the  directions  of  the  chemical  bonds  of  the  given  atom.  The  va¬ 
lence  and  deformational  vibrations  are  divided  into  symmetric  and  anti- 
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symmetric  vibrations  according  to  whether  the  lengths  of  the  bonds  and 
the  angles  between  the  bonds  change  in  the  same  phase  or  in  the  op¬ 
posite  phase,  the  torsional  vibrations  are  caused  by  displacements  of 
the  atomic  nuclei  which  are  equivalent  to  a  torsional  motion  around  a 
certain  bond  of  one  group  of  atoms  of  the  molecule  relative  to  the 
other  group.  When  the  amplitude  of  the  vibrations  increases,  the  tor¬ 
sional  vibrations  go  over  into  internal  rotation. 

A  more  accurate  but  less  evident  classification  of  the  normal  vi¬ 
brations  is  based  on  the  group  theory.  In  this  Handbook,  the  class¬ 
ification  of  the  vibratioxi?  of  polyatomic  molecules  is  carried  out  on 
the  basis  of  the  types  of  symmetry  of  the  normal  vibrations  in  the 
terms  proposed  by  Herzberg  [lf52].  The  symmetry  of  a  vibration  is  de¬ 
termined  by  its  behavior  relative  to  the  operations  of  symmetry  which 
are  allowed  due  to  the  geometrical  configuration  of  the  molecule.  The 
four  types  of  symmetr  A,  B,  E,  and  F  are  distinguishable  in  the  case 
of  non-linear  molecules.  The  symmetry  types  E  and  F  correspond  to 
double  and  threefold  degenerate  vibrations,  respectively.  The  vibra¬ 
tions  of  the  symmetry  type  A  remain  unchanged  if  the  molecule  is  turn¬ 
ed  around  its  principal  symmetry  axis  Cp  at  an  angle  of  36o°/p,  where¬ 
as  the  vibrations  of  the  symmetry  type  B  are  antisymmetric  relative  to 
this  operation  and,  therefore,  change  the  sign.  The  figures  1  and  2 
and  also  the  letters  u  and  added  to  the  symbols  of  the  symmetry  tj'p 
characterize  the  symmetry  of  the  given  vibration  with  regard  to  the 
other  elements  of  symmetry  of  the  molecule.  Thus,  for  molecules  which 
belong  to  the  point  groups  D  and  C  ,  the  An  vibrations  are  symmst- 
rical  with  regards  to  rotations  of  the  molecule  around  an  axis  of  the 
order  £  and  the  axis  of  second  order  perpendicular  to  the  former  (or 
the  image  on  the  symmetry  plane  a  )  whereas  the  vibrations  A^  are  sy¬ 
mmetrical  with  regard  to  the  rotation  around  the  principal  symmetry 
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axis,  but  antisymmetric  with  regard  to  a  rotation  around  an  axis  of 
second  order  (or  the  image  on  the  symmetry  plane  ay). 

In  a  similar  manner,  the  vibrations  which  are  symmetrical  with 
regard  to  an  inversion  in  the  symmetry  center  are  marked  by  the  sub¬ 
script  and  those,  which  are  antisymmetric  to  this  operation,  by  the 
subscript  u;  finally,  a  prime  designates  vibrations  which  are  symmet¬ 
rical  with  regard  to  the  symmetry  plane  (perpendicular  to  the  prin¬ 
cipal  symmetry  axis)  ana  two  primes  designate  an  antisymmetry  with 
regard  to  this  operation. 

The  classic  description  of  the  molecular  vibrations  is  approxi¬ 
mative  because  it  does  not  take  into  account  the  discreteness  of  the 
vibrational  states  of  the  molecule.  In  fact,  the  molecule  possesses 
a  system  of  discrete  vibrational  states  in  the  stable  electronic  state, 
i.e.,  in  such  a  state,  in  which  the  molecule’s  potential  energy  is  at 
a  minimum  corresponding  to  its  geometrical  equilibrium  configuration. 

If  the  vibrations  of  the  molecule  may  be  considered  as  harmonic  and 
independent  of  each  other,  which  is  an  adequate  approximation  and 
correlates  to  the  supposition  tha  the  potential  energy  of  the  mole¬ 
cule  is  proportional  to  the  squares  of  the  normal  coordinates,  the  en¬ 
ergy  of  the  vibrational  states  of  the  molecule  is  described  by  the 
equation 

°<» -  '»•— > -s  <*(«.+ 4)-  (1.45) 

where  con  is  the  frequency  of  the  n-th  normal  vibration  of  the  molecule 
vn  =  0,  1,  2,  ...  are  the  values  of  the  quantum  number  of  the  n-th 
vibration,  ny  =  3N  —  5  is  valid  for  linear,  and  ny  =  3N  -  6  is  valid 
for  non-linear  molecules  which  do  not  possess  an  internal  rotation. 

In  the  general  case,  valid  for  all  non-linear  molecules  which 
do  not  have  symmetry  axes  higher  than  one  of  a  second  order,  the  values 
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of  all  normal  vibrations  o^n  are  different  when  they  do  not  agree  ac¬ 
cidentally.  However,  as  it  was  explained  above  in  molecules  which 
possess  a  higher  symmetry,  the  frequencies  of  the  various  normal  vib¬ 
rations  are  degenerate  due  to  the  symmetry  of  the  molecule.  Thus,  in 
all  linear  molecules  and  molecules  which  possess  one  axis  of  the  third 
r  higher  order,  one  or  several  pairs  of  normal  vibrations  have  equal 
frequencies.  Molecules  which  possess  several  symmetry  axes  of  the  third 
or  higher  order,  i.e.,  which  belong  to  the  tetrahedral  and  octahedral 
point  groups,  possess  threefold  degenerate  vibrations  in  •-'ddition  to 
double-degenerate  ones.  When  a  molecule  possesses  f  degenerate  vib¬ 
rations,  the  number  of  normal  vigrations  which  have  different  fre¬ 
quencies  n^  is  equal  to  3N  —  5  —  £  in  linear  molecules,  and 
n  =  f 

3N  —  6  -T.  (d  —  1)  in  non-linear  ones  which  do  not  have  internal  ro- 
n  =  1 

tations.  In  this  case,  the  expression  for  the  energy  of  the  vibration¬ 
al  state  v^,  v2,  v^,  . . .  may  be  represented  in  the  form 

2  «.(».+  £).  (1'46) 


where  n^  is  the  number  of  normal  vibrations  of  the  molecule,  which 
have  different  frequencies.  The  vibrational  quantum  number  vn  of  the 
degenerate  vibration  is  equal  to  the  sum  of  the  vibrational  quantum 
numbers  of  the  normal  vibrations  which  have  the  same  frequency. 

The  vibrational  state  of  a  single  harmonic  oscillator  possesses 


the  statistical  weight  pv  =  1;  the  statistical  weight  of  the  n-th 
double-degenerate  vibration  is  equal  to  vn  +  1,  and  that  of  the  three¬ 
fold  degenerate  oscillation  is  equal  to  (v  +  I)  (v  +  2)  /  2.  The 
statistical  weight  of  the  oscillatory  state  v^,  v^,  v^,  .♦.,  repre- 


. . . ,  is  equal  to 
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The  vibrations  of  the  molecule  may  not  be  considered  as  indepen¬ 
dent  and  harmonic  in  the  expression  for  the  potential  energy  of  the 
molecule  (Eq.  P4. 3) >  i f,  besides  the  terms  which  are  proportional  to 
the  squares  of  the  dislocations  of  the  atomic  nuclei,  the  terms  are 
taken  into  account  which  are  proportional  to  the  third  and  fourth  pow¬ 
er  of  the  dislocations.  The  energy  of  the  vibrational  states  of  a  poly¬ 
atomic  molecule  may  be  expressed,  in  this  approximation,  by  the  equa¬ 
tion 
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+  +  *)(*  +  i)  +  Jj (1.48) 

where  xnk  are  the  anharmonicity  constants  of  the  vibrations,  where 
xnk  «  cun  and  xnk  «  cok,  g^  are  the  constants  of  the  vibrational  an¬ 
gular  momentum,  g^  being  different  from  zero  only  for  double -degenera * 
vibrations,  and  £n  =  vn,  vn  -2,  v  ~  4,  ...,  0  or  1. 

The  vibrational  energy  of  the  molecule  in  the  principal  vibration¬ 
al  state  (v^  =  v2  =  v3  =  •••  =  0)  is  equal  to 

0(0, 0,0, . . .)  =  2  S  2  ~7*’  (1.49) 

*-l 

The  vibrational  energy  of  the  molecule  related  to  its  principal 
vibrational  state  Gq(v^>  Vg,  . ..),  may  be  represented  in  the  form 
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It  must  be  observed  that,  as  a  rule,  it  is  not  possible  to  deter¬ 
mine  the  frequencies  of  the  normal  vibrations  of  a  molecule  by  inves¬ 
tigation  of  the  spectra  of  polyatomic  molecules,  and  that  one  must  re¬ 
strict  oneself  to  the  determination  of  the  so-called  fundamental  fre¬ 
quencies  v'n  which  are  equal  to  the  difference  between  the  energy  of 
the  vibrational  ground  state  anc  the  state  vn  -  1  of  the  given  mole¬ 
cule.  The  values  of  the  fundamental  frequency  vn  of  the  nth  vibration 
and  the  values  of  the  frequency  <un  of  its  normal  vibration  are  connect 

ed  to  each  other  by  the  relationship 

# 

* 

9 

V«  =  +  XM  (da  +  1)  +  4-  2  +  g*n  =  <  +  *nn  +  gnn.  (1*51) 

*+i» 

Thus,  the  values  of  the  fundamental  frequencies  and  the  frequen¬ 
cies  of  the  normal  vibration  differ  with  a  value  which  is  proportional 
to  the  anharmonicity  constants  related  to  the  given  vibration.  It  is 
evident  that  the  difference  between  the  frequencies  of  the  normal  vi¬ 
bration  becomes  meaningless  when  the  vibrations  of  the  molecules  are 
considered  as  harmonic  ones.  It  must  be  noted  that  the  fundamental  fre 
queney  of  each  vibration  possesses  a  symmetry  equal  to  that  of  the 
normal  vibration. 

In  cases  when  the  energies  of  two  or  several  vibrational  stater 
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of  a  polyatomic  molecule,  calculated  by  means  of  Eqs.  (1.45)  and 
(1.46)  are  similar  to  each  other,  the  true  energy  of  these  states  es¬ 
sentially  may  differ  from  the  calculated  values.  A  corresponding  change 
of  the  energy  of  the  vibrational  states  is  caused  by  the  resonance  in¬ 
teraction  between  them.  Due  to  the  fact  that  the  possibility  of  reson¬ 
ance  interactions  between  the  vibrational  states  is  not  taken  into  ac¬ 
count  in  the  Eqs.  (1.45)  and  (1.46),  the  energy  levels  calculated  by 
means  of  these  equations  are  termed  non-excited  levels.  The  energy  of 
vibrational  states  excited  due  to  the  resonance  interaction  may  be 
found  by  solution  of  the  secular  equation 

\F*  —  E  W,k  '  0 

i  Wu  £?-£  Wi*  “0.  (1.52) 

[  0  Wtn  Ef>m-E 

where  E^,  E^,  E^,  ...  is  the  energy  of  the  non-excited  states,  and 
Wik,  W^m,  ...  is  the  energy  of  the  resonance  interaction  between  these 
states. 

In  cases  in  which  the  resonance  interaction  between  the  vibration¬ 
al  states  is  caused  by  the  cubic  term  of  the  function  of  the  potential 
energy  of  the  molecule,  it  ~s  termed  an  anharmonic  resonance  of  first 
erderj  the  interaction  caused  by  terms  which  are  proportional  to  the 
fourth  power  of  the  displacement  of  the  atoms  is  termed  anharmonic  re¬ 
sonance  of  second  order,  etc.  The  anharmonic  resonance  of  first  order 
between  states  of  the  types  (v^,  v2,  v^)  and  (v-^  —  1,  v2  +  2,  v^)  was 
observed  in  a  number  of  molecules  such  as  C02,  COS,  HDO,  etc.;  this 
resonance  is  termed  Fermi  resonance.  The  energy  of  the  resonance  inter¬ 
action  in  the  case  of  a  Fermi  resonance  has  the  form* 
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where  is  the  resonance  constant. 

Another  type  of  anharmonic  resonance,  the  resonance  of  second 
order  between  the  states  (v^  >  2,  v2,  v^)  end  (v^  -  2,  v2,  +  2), 

which  was  observed,  for  example,  in  H20  and  C2H2  molecules,  was  termed 
Darling-Dennison  resonance.  The  interaction  energy  may  be  found  in  thi 
case  by  the  relationship 

Wu=  V&t  Z  "4-^  -  1)  &  +  D(^a -FZ).  (1*54) 

'.vhere  is  the  resonance  constant*. 

Nielsen  [3085]  has  shown  that  besides  other  vibrational  types, 
anharmonic  resonances  of  higher  orders  are  theoretically  possible  as 
well  as  anharmonic  resonances  of  the  first  and  second  order.  However, 
as  Nielsen  has  shown,  the  higher  is  the  order  of  the  resonance,  the 
lower  is  its  effect  on  th^.  energy  of  the  vibrational  states.  It  must 
be  noted  that  the  sum  of  the  energies  of  vibrational  states  excited 
by  resonance  interaction  is  equal  to  the  sum  of  the  energy  of  these 
states  when  neglecting  the  excitations,  and,  therefore,  the  resonance 
causes,  sc-to-speak,  a  mutual  repulsion  of  the  corresponding  vibration 
al  states. 

Rotational  states  of  polyatomic  molecules.  A  polyatomic  molecule 
possesses,  in  each  vibrational  state,  a  system  of  levels  of  rotational 
energy  due  to  the  angular  momentum  of  the  atomic  nuclei  of  the  mole¬ 
cule  relative  to  its  center  of  gravity**.  The  relations  which  connect 
the  energy  of  the  rotational  states  of  the  polyatomic  molecule  with  tii 
values  of  the  quantum  number  of  the  angul  r  momentum  cf  its  atomic 
nuclei  depend  on  the  symmetry  '<f  the  molecule.  All  poi.  /atomic  molecul- 
may  b-'  divided  into  four  types  as  follows: 

1)  linear  molecules, 

?)  molecules  of  the  type  of  asymmetric  tops, 
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of  which,  the  three 


principal  moments  of  inertia  are  different  in  magnitude; 

3)  molecules  of  the  type  of  symmetric  tops,  of  which  two  prin¬ 
cipal  moments  of  inertia  are  equal,  the  third  being  greater  or 
lesser  than  the  other  two; 

4)  molecules  of  the  type  of  spheric  tops  which  have  three  equal 
principal  moments  of  inertia. 

The  linear  molecules  belong  to  the  point  group  Droh  when  they  pos¬ 
sess  a  symmetry  center,  and  to  the  point  group  when  a  symmetry 
center  is  absent.  The  axes  of  the  principal  moments  of  inertia  of  lin¬ 
ear  molecules  are  always  perpendicular  to  the  axis  of  the  molecule. 
When  neglecting  the  angular  momentum  of  the  electrons,  the  levels  of 
the  rotational  energy  of  a  linear  polyatomic  molecule  may  be  expressed 
by  an  equation  similar  to  that  which  describes  the  energy  levels  of 
diatomic  molecules  in  the  ^2  state: 

CO  =  «w~.  +  0  —  +  0*.  (1.55) 

where  B  . . .  =  — h -  iS  ^he  rotational  constant  of  the  mo- 

123  8mcl 


lecule  in  the  vibrational  state  v-,,  v0,  v_,  . ..,  D_.  ...  is 

±  c.  j  -I*  y 

the  constant  of  the  centrifugal  stress  in  this  st  J  is  the  quantum 
number  of  she  angular  momentum,  I  is  the  principal  moment  of  inertia 
of  the  molecule.  The  dependence  of  the  constants  B  on 

V-|  •  •  • 

-L,  c.  3 

the  vibrational  quantum  numbers  is  determined  by  relations  of  the  follow¬ 
ing  type 


b*. =*.-2  «.(«,  +  ir) +2 2  t ■*(*»  +  +  x)- t1-56) 


«— i 


««i *+« 


where  Bg  is  the  rotational  constant  corresponding  tc  the  equilibrium 

configuration  cf  the  molecule,  and  are  the  constants  of  the 

interaction  between  rotation  and  vibration;  d^  is  the  degree  of  degen- 

n 
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eracy  of  the  nth  vibration.  The  dependence  of  the  constant  D 

™  vi»  vp>  v 

...  on  the  vibrational  quantum  numbers  may  also  be  represented  by  an 
equation  of  the  type  (i.56). 

Molecules  which  possess  one  symmetry  axis  of  the  third  or  higher 
order  belong  to  the  molecules  of  the  type  of  symmetric  tops.  The  axes 
of  the  two  principal  moments  of  inertia  of  symmetric  tops  are  perpen¬ 
dicular  to  the  symmetry  axis  of  higher  order,  and  the  axis  of  the  third 
principal  moment  of  inertia  always  coincides  with  it.  Taking  into  ac¬ 
count  the  centrifugal  stress,  the  energy  levels  of  the  m  lecules  of 
the  type  of  symmetric  tops  may  be  represented  by  the  equation 

■*. (7, ')  —  &•,. J  (J  +  1)  +  (• AVt.  0„  —  B0u  ^  K*  — 

+  (1-57) 

where  A  and  B  are  the  rotational  constants 

A—  h  R  —  ~~ _ 

Sn*clA'  ~  toi'clg' 


IA  is  the  principal  moment  of  inertia  with  regard  to  the  axis  which 
coincides  with  the  symmetry  axis  of  the  molecule,  Ig  is  the  principal 
moment  of  inertia  with  regard  to  the  axis  perpendicular  to  the  symmetry 
axis,  K  is  the  quantum  number  of  the  component  of  the  momentum  J  on 
the  symmetry  axis  of  the  molecule,  and,  thus,  K  assumes  values  from 


— J  to  +J.  When  A  B  (IA  <  Ig)  the  top  is  termed  a  prolate  top,  when 
A  <  b  (IA  >  Ig)  the  top  is  termed  an  oblate  one. 


The  dependence  of  the  constants  Dj,  DJK  and 


on  the  vibrational 


quantum  numbers  has  not  been  taken  into  account  in  Eq.  (1.57).  The 


corresponding  dependence  of  the  constants  A 

9  v2*  v3> 

B  .  ...  may  be  represented  by  the  equations 

V 1  i  ^  ?  V  3 , 

—  At  —  2a£  (°»  +  y)t 
n  '  ' 


. . .  and 

(T.5B) 
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B, 


(1*59) 


y')* 

where  A  and  B  are  the  rotational  constants  of  the  molecule  corres- 
e  e 

ponding  to  its  equilibrium  configuration. 

It  is  obvious  from  (1.57)  that  all  states  of  a  symmetric  top  with 
K  >  0  are  doubly-degenerate. 

Molecules  which  possess  several  axes  of  symmetry  of  the  third  or 
higher  order  belong  to  the  molecules  of  the  type  of  spheric  tops.  In 
contrast  to  the  symmetric  tops,  the  molecules  of  the  type  of  spheric 
tops  do  not  possess  a  preferred  direction  in  space.  The  energy  of  the 
rotational  levels  of  spheric  tops  is  described  by  the  equation 

4\1)  — (*f  +  *)*•  (1.60) 

which  may  be  obtained  directly  by  (1.57)  setting  A  =  B.  The  dependence 

of  the  constant  B  ...  on  the  vibrational,  quantum  numbers 

1*  2*  3’ 

may  be  represented,  as  in  the  case  of  linear  molecules,  by  the  rela¬ 
tion  (1.56).* 

Molecules  which  do  not  possess  symmetry  axes  of  a  higher  than 
second  order  belong  to  the  molecules  of  the  type  of  asymmetric  tops.** 
Not  taking  into  account  the  centrifugar  stress  and  the  interaction  be¬ 
tween  rotation  and  vibration  (i.e.,  in  the  case  of  rigid  tops),  the 
levels  of  the  rotational  energy  of  the  molecule  of  the  asymmetric  top 
tyj.  2  are  described  by  the  equation 

F  (/,)  =  +C)J  (J  +  I)  — C)£/,  (*),  (1.61) 

where  A,  B,  G  are  the  rotational  constants,*** A  =  h  ,  B  =  . 

87r2cXA  8„'  .  -B 

C  =  h  ,  A  >  3  >  C;  J  is  the  quantum  number  of  the  angular  momen- 
3tt2cIc 

turn;  t  is  the  index  which  numerates  the  2T  +  1  levels  of  the  rotational 

energy  having  the  same  value  of  the  quantum  number  J;  E,  (k)  is  a  com- 

UT 

posite  function  of  and  the  asymmetry  parameter  k  =  2B  —  A  —  C  .  The 

A  -  C 
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values  of  the  function  E.  (k)  are  determined  by  the  solution  of  al- 

"T 

gebraic  equations  whose  power  is  the  higher  the  greater  J  is.  The  cor¬ 
responding  equations  are  given,  particularly,  in  the  monograph  by 
Herzberg  [3  52].  The  values  of  the  function  Ej  (k)  obtained  by  nvjneri- 
cal  solution  of  those  equations  have  been  tabulated  by  a  number  of 
authors  for  values  of  J  from  J  =  0  to  J  =  40.  An  eight -digit  table  of 
the  Ej  (k)  functions  for  J  =  0  —  12  and  k  =  0.00  (0.01)  1.00  is  given 

T 

in  the  monograph  by  Townes  and  Echawlow  [4l6]. 

The  quantum  mechanical  theory  of  non-rigid  asymmetric  tops  was 
developed  in  a  paper  by  Posner  and  Strandberg  [3311]*  The  results  from 
this  paper  may  be  used  in  the  calculation  of  corrections  for  the  cen¬ 
trifugal  stress  in  values  of  F(J)  for  the  levels  of  the  rotational  en¬ 
ergy  of  asymmetric  tops,  when  the  values  of  the  corresponding  constants 
are  found  by  analysis  of  the  rotational  structure  of  the  bonds.  The 
centrifugal  stress  most  significantly  affects  the  levels  of  the  rota¬ 
tional  energy  of  the  molecules  of  hydrides.  In  the  case  of  such  mole¬ 
cules,  the  corrections  calculated  theoretically  show  a  sufficient  coin¬ 
cidence  with  the  experimental  measurement  results  only  in  levels  havin  - 
low  values  of  J.  A  graphic  method  to  determine  corrections  of  the  cen¬ 
trifugal  stress  at  higher  levels  of  rotational  energy  of  molecules  of 
the  asymmetric  top  type,  which  is  difficult  to  investigate  by  experi¬ 
ment,  was  proposed  in  the  paper  by  Ko>:chi  uruzov  [444a]. 

The  rotational  constants  of  molecules  of  the  asymmetric  top  type 
are  different,  with  different  vibrational  states.  The  type  of  dependence 
of  these  constants  on  the  vibrational  quantum  numbers  presented  by  the 
relations 

/jtj53 -jf)»  (l.o2) 

A 


108  - 


(1.63) 


J  ££•]“  —  Sa«  (?«  +  -f)* 

Cj*j— Ci — 2aj?  (t,*+ y).  (1.64) 

where  Arvj,  C|-Vi  are  the  effective  values  of  the  corresponding 

constants  in  the  vibrational  states  v,,  v~,  v0,  . ..;  A  .  B  .  C  are 

X  2  3  e  e  e 

the  values  of  these  constants  at  t  *e  equilibrium  configuration  of  the 
ABC 

molecule;  an,  an,  an  are  the  interaction  constants  which  are  many 
times  smaller  than  the  values  of  the  corresponding  rotational  constants. 

The  statistical  weights  of  rotational  states.  The  statistical 
weights  of  rotational  states  of  polyatomic  molecules,  as  well  as  a 
number  of  other  properties,  depend  essentially  on  the  symmetry  of  the 
molecule.  The  determination  of  the  statistical  weights  of  molecules 
which  possess  symmetry  elements,  requires  the  application  of  the  group 
theory.  However,  we  may  restrict  ourselves  to  the  discussion  of  Lhe 
statistical  weights  of  rotational  states  of  molecules  assuming  that  the 
latter  do  not  possess  elements  of  symmetry,  because  the  effect  of  the 
symmetry  on  the  statistical  weights  of  rotational  states  may  be  taken 
into  account  when  calculating  the  thermodynamic  functions  of  gases  by 
means  of  the  symmetry  numbers  a  (see  Table  12).  The  symmetry  number  of 
a  molecule  is  equal  to  the  number  of  its  nondiscernible  positions  when 
the  molecule  rotates  as  a  rigid  body. 

When  neglecting  the  nuclear  spin  of  the  atoms  which  form  the  mole¬ 
cule,  the  statistical  weight  of  the  rotational  states  of  asymmetric 
linear  molecules  s  well  as  that  of  diatomic  molecules  is  equal  to 
2J  +  1.  The  statistical  weight  of  the  level  JT  of  molecules  of  the  type 
of  asymmetrical  tops,  which  do  not  possess  symmetry  axes  is  also  equal 
to  2J  +  1.  Due  to  the  fact  that  the  index  t  of  a  given  J  assumes 
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2J  +  1  values,  the  statistical  weight  of  all  states  with  a  given  value 
of  the  quantum  number  J  is  equal  to  (2J  +  1)  .  In  the  case  of  the  mole- 
cule  being  of  the  type  of  accidental  "symmetric'1  bops,  i.e.,  it  pos¬ 
sesses  two  equal  principal  moments  of  inertia  but  does  not  have  symmetry 
axes,  the  statistical  weight  of  the  rotational  states  is  equal  to 
2J  +  1  at  K  =0),  and  2(2J  +1)  at  K  >  0.  The  statistical  weight  of  the 

o 

rotational  states  is  equal  to  (2J  +  1)"  in  the  case  of  "accidental" 
spheric  tops  (with  three  equal  principal  moments  of  inertia  and  ab¬ 
sent  symmetry  axes).  Hence,  it  follows  from  this  statement  that  the 
statistical  weights  of  polyatomic  molecules  are  different  and  depend 
on  „.-e  type  of  tops  to  which  the  molecule  belongs. 

The  spins  of  the  atomic  nuclei  have  not  been  taken  into  account 
in  the  discussed  cases  of  the  statistical  weights  of  rotational  states. 
If  the  spins  of  the  atomic  n  .clei  of  polyatomic  molecules  which  do  not 

possess  svmmetry  axes  are  taken  into  account,  an  increase  is  required 

i  =  N 

of  the  quoted  statistical  weights  by  H  (21.  +  1)  times.  Here,  ;i 

i  -  1  1 

is  the  number  of  atoms  in  the  molecule,  and  is  the  spin  of  the 
nucleus  of  the  ith  atom. 

0 

If  the  molecule  possesses  symmetry  axes  of  the  second  or  a  higher 

order,  the  effect  of  the  symmetry  on  the  statistical  weights  of  the 

rotational  states  is  regarded  by  means  of  the  symmetry  number;  as  well 

a  in  the  case  of  asymmetric  molecules,  the  spins  of  the  atomic  nuclei 

i  =  N 

increase  the  statistical  weights  by  il  (21.  +  1)  times. 

i  =  1 

Choice  and  estimation  of  the  constants  of  polyatomic  molecules. 

Data  on  the  energy  states,  the  structure  and  the  constants  of  poly¬ 
atomic  molecules,  may  be  obtained  by  investigation  oi  the  spectra  of 
the  molecules  in  qxiestion.  The  complexity  of  the  spectra  of  poly-alt 
ic  molecules  however,  as  well  as  the  imperfection  of  tne  present  r.p  -cl 
d-  vices  essentially  limit  the  possibility  of  determining  thr>  constant 
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of  Eqs.  (1.45)  —  (1.64).  Especially  the  electron  spectra  of  polyatomic 
molecules  have  "been  investigated  insufficiently,  and,  due  to  this  fact, 
data  on  the  excited  states  of  a  great  number  of  molecules  are  lacking 
and  are  incomplete  only  fo:  other  ones. 

The  determination  of  the  vibrational  and  rotational  constants  of 
polyatomic  molecules  by  analysis  oF  the  electron  spectra,  as  a  rule, 
is  impossible  due  to  the  complexity  of  the  electronic-vibrational-ro¬ 
tational  spectra  of  these  molecules.  Such  an  analysis  was  carried  out 
only  for  some  of  the  most  simple  molecules  of  the  HCO  and  ClCt,  type. 
Thus,  the  constants  in  Eqs.  (1.45)  —  (1.64)  are  determined  by  analysis 
of  the  infrared  vibrational-rotational  spectra  and  Raman  spectra  and 
also  the  rotational  microwave  spe  lira  of  the  molecules.  The  determina¬ 
tion  of  the  frequencies  a>n  of  the  normal  vibrations  and  of  the  anhar- 
moni'.'ity  constants  x^  of  polyatomic  molecules  is  possible  only  when 
all  f\andamental  frequencies  vn  and  also  the  overtones  and  the  composed 
frequencies  combined  with  each  of  these  constants  are  observable  in 
the  spectrum.  Due  to  tne  fact  that  the  infrared  spectra  of  polyatomic 
molecules  are  usually  investigated  in  absorption,  only  the  fundamental 
frequencies  and,  at  the  best,  some  of  the  most  intense  overtones  or 
composed  frequencies  are  observable  therein.  Thus,  the  fundamental  fre¬ 
quencies  vn  and  not  the  frequencies  cun  of  the  normal  vibrations  are 
ascertainable  in  a  great  number  of  polyatomic  molecules  by  investiga¬ 
tion  of  the  spectra.  Particularly,  the  frequencies  of  the  normal  vibra¬ 
tions  and  the  anharmonicity  constants  are  known  only  for  15  molecules 
out  of  the  170  polyatomic  molecules  dealt  with  in  this  Handbook.  The 
results  from  the  investigations  of  infrared  spectra  and  Raman  spectra 
of  simple  polyatomic  molecules,  carried  out  unlil  1944,  are  compiled 
in  the  monograph  by  Hertberg  [152].  The  results  from  the  numerous  in¬ 
vestigations  carried  out  after  1944,  however,  may  be  found  in  period- 
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icals  only.  Surveys  on  the  investigations  of  spectra  of  polyatomic 
molecules  treated  in  this  Handbook  and  the  arguments  on  the  choice  of 
their  vibrational  constants  are  given  in  the  corresponding  Divisions 
of  the  Chapters  of  the  2nd  Part  of  this  Volume. 

The  determination  of  the  rotational  constants  and  the  constants 
of  interaction  between  rotation  and  vibration  of  polyatomic  molecules 
on  basis  of  their  infrared  spectra  and  Raman  spectra  is  even  more 
difficult  uhan  the  determination  of  the  anharmonicity  constants  and 
the  oscillation  frequencies.  This  is  due  to  the  fact  that  the  smaller 
are  the  intervals  of  the  rotational  structure  of  the  bonds,  the  great¬ 
er  is  the  moment  of  inertia  of  the  molecule,  and  the  resolving  power 
of  the  recent  spectral  devices  is  sufficient  only  in  the  resolution  of 
the  structure  of  a  small  number  of  the  lightest  molecules,  mainly  of 
3  and  4  atomic  compounds  containing  hydrogen. 

In  recent  years,  significant  success  has  been  attained  in  the 
determination  of  the  rotational  constants  of  polyatomic  molecules  in 
the  vibrational  ground  state  due  to  the  development  of  the  radiospec- 
troscopical  methods  of  investigation  of  rotational  absorption  spectra 
of  molecules  in  the  microwave  range.  The  application  of  these  methods 
allowed  the  determination  of  the  rotational  constants  of  a  series  of 
molecules:  the  results  from  the  investigations  of  these  spectra  and 
the  found  values  of  the  constants  are  compiled  in  the  monographs  by 
Gcrdy,  Smith  and  Trambarulo  [164]  and  Townes  and  Schavlow  [4l6],  How¬ 
ever,  it  must  be  noted,  that  linear  symmetric  molecules  and  also  mole¬ 
cules  of  the  type  of  spheric  tops  do  not  possess  rotational  spectra. 

The  rotational  constant  A  of  symmetric  tops  connected  with  the  moment 
of  inertia  IA  with  regard  to  the  principal  axis  of  symmetry  of  the 
molecule  also  can  not  be  found  by  analysis  of  rotational  spectra  (see, 
f ;  v  example  [152],  p.43).  These  facts  essentially  limit  the  possibility 
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cf  determining  the  rotational  constants  of  polyatomic  molecules  from 
their  microwave  spectra. 

However,  if  the  structural  parameters  of  the  corresponding  mole¬ 
cules  are  known,  the  values  of  these  constants  may  be  calculated,  due 
to  the  fact  that  the  rotational  constants  are  connected  by  simple  re¬ 
lations  with  their  principal  moments  of  inertia.  Data  on  the  structu¬ 
ral  parameters  of  many  tens  of  polyatomic  molecules  were  obtained  by 
the  method  of  electron  diffraction  and  were  compiled  in  tables  by 
Allen  and  Sutton  [517*  3916].  However,  it  must  be  noted  that  the  ac¬ 
curacy  of  the  values  of  the  principal  moments  of  inertia  and  i/he  ro¬ 
tational  constants  calculated  on  the  basis  of  structural  parameters 
determined  by  electron  diffraction  is  usually  less  due  to  the  inac¬ 
curacy  of  the  electron  diffraction  method. 

Relations  connecting  the  principal  moments  of  inertia  of  the 
molecules  of  various  types  with  the  values  of  their  structural  para¬ 
meters  are  quoted  in  Supplement  3. 

In  cases  when  data  on  vibrational  and  rotational  constants  or 
structural  parameters  are  lacking,  the  corresponding  values  may  be 
estimated  on  the  basis  of  approximate  regularities.  The  structure  of 
the  molecule  may  be  usually  estimated  on  the  basis  of  the  general  con¬ 
ceptions  of  directed  valences.*  The  values  of  the  interatomic  distance 
and  the  angles  between  the  bonds  may  be  estimated  on  the  basis  of  the 
value  of  these  parameters  in  other  molecules.  An  essential  increase 
of  the  accuracy  of  the  estimations  is  obtainable,  in  this  case,  by 
taking  into  account  the  classification  of  the  bond  types  proposed  by 
Tatevskiy  (see,  for  example,  [409]).  It  may  be  pointed  out  that  the 
estimations  of  the  structure  and  the  structural  parameters  of  a  number 
of  molecules  (MgF^,  A1F„  C2F2  and  some  other  ones)  carried  out  in  the 
first  edition  of  this  Handbook  are  in  good  accordance  with  the  results 
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of  experimental  investigations  carried  out  in  recent  years. 

When  experimental  data  on  oscillation  frequencies  or  fundamental 
frequencies  are  lacking,  the  values  of  these  constants  may  be  calcu¬ 
lated  by  way  of  an  estimation  of  the  force  constants  of  the  correspond¬ 
ing  molecules.  The  relations  connecting  the  oscillation  frequencies  of 
the  molecules  of  various  types  with  the  lorce  constants  of  the  bonds, 
and  the  angle  between  the  bonds  and  the  constants  for  various  models 
of  the  field  of  valence  forces  are  quoted  in  Supplement  4  of  this 
volume  of  the  Handbook.  The  estimation  of  the  force  constants  of  the 
bonds  and  the  angles  between  the  bonds  may  be  carried  out  in  the  same 
v/ay  as  the  estimation  of  the  structural  parameters,  i.e.,  on  the  basis 
of  the  value  of  these  constants  in  other  molecules.* 

The  estimation  of  the  force  constants  and  structural  parameters 
of  certain  molecules  on  the  basis  of  their  values  in  other  molecules 
in  a  certain  degree  is  arbitrary  because  the  values  of  these  constants 
may  change  essentially  from  one  chemical  compound  to  another,  even 
when  a  strong  classification  of  the  types  of  bonds  is  given.  This  re¬ 
lates  essentially  to  cases  in  which  Constants  of  molecules  having  iro<' 
valence  electrons  (radicals)  are  estimated  on  the  basis  of  stable  com¬ 
pounds  with  saturated  bonds.  Nevertheless,  even  in  these  cases,  suit¬ 
able  estimations  permit  the  determination  of  approximate  /alues  of  the 
constants  necessary  to  calculate  of  the  thermodynamic  function  of 
gases.  A  thorough  explication  of  the  estimations  of  constants  of  poly¬ 
atomic  molecules  carried  out  by  the  authors  of  this  Handbook  is  _,iven 
in  the  Divisions  on  the  molecular  constants  in  the  Chapters  of  the  Jnd 
Part  of  this  Volume. 

The  geometrical  equilibrium!  configuration  and  the  intramolecui 
force  field  of  the  isotopic  modification  of  polyatomic  molecules  ai"* 
i  entical  to  each  other  at  :•  high  degree  of  accuracy.  The  difference  in 


3  in 


the  values  of  the  molecular  constants  (including  the  moments  of  inertia 
and  the  vibration  frequencies)  of  the  different  isotopic  modifications 
mainly  is  caused  by  the  difference  in  the  distribution  of  the  masses. 
Therefore,  the  molecular  constants  of  polyatomic  isotopic  molecules, 
as  well  as  the  constants  of  diatomic  isotopic  molecules  may  be  con¬ 
nected  together  by  definite  relationships  which  allow  the  calculation 
of  the  values  of  these  magnitudes  by  means  of  experimental  data  known 
only  for  one  of  the  isotopic  modifications.  Besides  the  accurate  re¬ 
lations,  which  connect  the  fundamental  oscillation  frequencies  and  the 
moments  of  inertia  of  the  molecules  (the  Teller-Redlich  rule  of  pro¬ 
ducts,  the  rule  for  adding  squares  of  oscillation  frequencies  [362a, 
36?b],  the  relations  for  the  oscillation  frequency  of  symmetric  non¬ 
linear  molecules  XY2  [439],  etc.),  various  approximate  relations  have 
been  proposed  recently  which  allow  the  calculation  of  the  molecular 
constants  of  isotopic  modifications  with  an  accuracy  sufficient  for 
the  subsequent  calculation  of  the  thermodynamic  functions  [973a>  2193a* 
2485a] . 

Thus,  for  example,  the  following  relation*  may  be  used  in  the 
calculation  of  the  anharmonicity  constants  of  triatomic  nonlinear  iso¬ 
topic  molecules 


«/ 

~'m~  ~  * 


Xu, 


(1.65) 


where  ok,  a>'  .,  x*.  ,  co" .  cu"  x” .  1  are  the  oscillation  frequencies  and 
the  anharmonicity  constants  of  two  isotopic  modifications:  .and  the  con¬ 
stants  cm  of  the  vibrational -rotational  interaction  oi  symmetric  non¬ 
linear  isotopic  molecules  may  be  calculated  by  means  of  the  equation 


'  i  ®« V  * 
«t«  (4*1  OM, 

which  was  proposed  by  Khachkuruzov  [417]. 


(1.66) 


115  - 


Manu¬ 

script 

Page 

Nc. 

43* 

43** 

44 

46* 


46** 

46*** 

46**** 

47* 

47** 


1 F' otnotes] 


A  more  thorough  statement  of  the  problems  dealt  with  in  this 
section  may  be  found  in  the  monographs  by  Herzberg  [150], 
Sommerfield  [196],  Shopl’skiy  [465],  Yel’yashevich  [186] 
and  Kondrat’yev  [242]. 

In  the  present  Handbook,  the  term  atom  means  atoms  and  mona¬ 
tomic  ions,  as  well. 

If  S  >  L,  J  assumes  2L  +  1  values. 

In  the  case  of  a  j  —  j  coupling,  it  is  more  expedient  to  use 
the  quantum  numbers  n,  4,  j  and  m,,  where  m.  is  the  quantum 
number  of  the  component  of  the  total  angular  momentum  of  the 
electron  j  in  the  direction  of  the  magnetic  field  (m.  =  j , 
j  —  1,  ...,  — j),  instead  of  the  quantum  numbers  n,  4^ 

and  mg  of  the  electron.  It  can  be  shown  that  for  given 

values  of  n  and  4,  the  quantum  numbers  n,  4,  j  and  m^  give 

the  same  number  of  possible  states  of  the  electron  as  the 
quantum  numbers  n,  4,  m.  and  mr . 

A  great  difference  in  the  energy  of  states  which  are  compo¬ 
nents  of  multiplet  states  in  the  case  of  Russel=Saunders 
coupling  is  characteristic  of  the  J  -  j  coupling. 

The  j  —  J  coupling  occurs  rarely  in  a  pure  form;  the  Russei- 
Saunders  coupling  takes  place,  as  a  rule.  In  the  case  of 
lower  electronic  states,  whereas  in  states  connected  with 
the  transition  of  one  electron  Into  orbits  with  higher  val¬ 
ues  of  the  principal  quantum  number,  a  coupling  of  the  j  —  j 
type  plays  the  main  part. 

Frequently,  the  state  energy  needed  to  remove  the  rest  of 
the  atom  and  the  external  electron  from  each  other  to  in¬ 
finity  is  assumed  as  zero  energy.  In  this  case,  the  ener¬ 
gy  of  the  ground  state  is  equal  to  the  ionization  potential 
of  the  ^;om  taken  with  the  inverse  sign.  It  is  evident  that 
the  excitation  energies  of  all  states  do  not  depend  on  p >int 
of  reference. 

Electrons  with  appropriate  values  of  the  quantum  number  4  are 
frequently  termed  s-,  p-,  d-,  and  f  electrons. 

According  to  this,  the  resultant  quantum  numbers  and  the 
number  of  states  formed  by  x  (equivalent)  electrons  are  eq¬ 
ual  to  each  other  if  the  number  of  these  electrons  is  equ¬ 
al  to  n  and  m  -  n,  where  m  Is  the  maximum  number  of  elec¬ 
trons  with  the  given  value  of  n  and  4.  Thus,  the  configura- 

2  <i 

tions  p  and  p  are  identical  from  this  point  of  view. 
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48  Similarly,  the  electrons  of  the  filled  shells  may  not  be 

taken  into  account  when  investigating  any  atoms  or  monatomic 
ions . 

52*  According  to  Table  3,  three  electronic  states  of  the  N+  ion: 

•?11  2 

P,  D,  and  S,  correspond  to  the  2p  electron  configura¬ 
tions.  The  .lov/est  o f  these  states,  according  to  Hund's  rule 
and  experimental  data  is  the  3p-state. 

52**  Thus,  atoms  (<uid  ions)  may  possess  a  great  number  of  dis¬ 

crete  states  with  excitation  energies  which  exceed  the  ion¬ 
ization  potential  of  the  given  atom  (ion)  when  two  or  sev¬ 
eral  electrons  are  excited  simultaneously. 

52***  In  the  discussed  case,  the  total  orbital  and  spin  momenta  of 
two  2p  electrons  are  equal  to  1.  Thus,  the  resultant  spin 
of  three  electrons  assumes  two  values:  1/2  and  3/2  (doublet 
and  quartet  states).  The  total  orbital  momentum  of  three 
electrons  remains  equal  to  1  at  £  «  0  and  assumes  for  the 
three  values  mentioned  above  i  >_  1. 

54  Similar  data  were  compiled  earlier  by  Bacher  and  Goudcmith 

in  the  book  "Energy  States  of  Atoms"  published  in  1^32  [594]. 

56  For  a  thorough  study  of  the  problems  dealt  with  in  this  sec¬ 

tion,  we  recommend  the  monographs  by  Herzberg  [151,  2020], 
Xondrat 1 yev  [241,  242],  Jevons  [2252],  Nlkol‘skiy  [320], 
and  also  the  original  papers  by  Mulliken  [2976,  2981,  2982]. 

56  Tne  quantum  number  I  must  not  be  taken  mistakenly  for  the 

symbol  of  states  with  the  value  A  =  0  which  is  also  marked 
by  this  letter. 

59*  The  atoms  may  be  in  stable  states  during  a  time  depending 

only  on  the  probability  of  the  optical  transitions  from 
these  states  (when  outer  effects  are  absent). 

59**  The  lifetime  of  the  molecule  in  repellent  state  is  prac¬ 

tically  equal  to  the  time  of  the  interaction  of  atoms  in 
collisions;  discrete  energy  levels  are  absent  in  molecules 
with  a  repellent  state,  and  these  states  are  not  taken  into 
account  when  the  statistical  sums  are  calculated. 

60  Some  molecules,  C-,  MgO,  ZrO,  or  CN,  for  example,  possess 

excited  states  with  low  energies. 

63  For  the  ground  state,  the  dissociation  energy  DQ  is  equal 

to  the  thermal  effect  of  the  dissociation  of  the  correspond¬ 
ing  diatomic  gas  into  monatomic  gases  at  0°X. 

65*  Morse  [2958]  has  shown  that  the  expression  (1.10)  for  the 

energy  of  the  vibrational  levels  of  the  molecule  may  be  ob¬ 
tained  by  solution  of  the  Schrodinger  equation  assuming  the 
function  (1.9)  as  a  potential  energy.  Recently,  Haar  [1908] 
has  found  that  the  solution  of  the  Schrodinger  equation  was 
carried  out  inaccurately  by  Morse,  but  it  is  sufficiently 
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accurate  for  all  the  problems  which  are  of  Interest  to  us. 

It  Is  evident,  that  the  relation  (1.11)  is  approximate,  and 

that  in  the  general  ease,  a  non-integral  value  is  obtained 

when  v  _  is  calculated  using  the  constants  hi  and  u»  x 
max  e  e  o 

which  were  found  experimentally. 

The  magnitude  AG^yg  **  “p  ~  2“exe*  terneci  fundamental  fre¬ 
quency  of  the  molecule,  is  the  frequency  of  the  optical 
transition  from  the  statf  with  v  =  1  into  that  with  v  =  0 
in  the  spectrum  of  the  molecule. 

k  +  2  equations  are  available  for  the  determination  of  the 
constants  in  Eq.  (I-1!)  if  experimental  data  for  the  magni¬ 
tude  of  Gg(v)  are  given  for  k  values  of  the  vibrational 
quantum  number  v. 

Here,  as  well  as  previously,  the  moment  of  the  spins  of  the 
atomic-nuclei  of  the  molecule  is  not  taken  into  account. 

Any  kind  of  data  on  the  number  of  terms  in  the  equations 
(1.15)  -  (1.16)  or  on  the  power  of  these  equations  are 
lacking  at  present,  as  well  as  for  the  equations  of  the  vi¬ 
brational  energy. 

According  to  (1.15)  we  have  AF  (J)  *  2BV(J  +  1)  -  4Dv(J  +  1)^ 
+  ...»  and,  because  Bv/Dv  ~  10°  is  valid,  the  rotational  le- 

3 

vels  may  begin  to  converge  only  at  J  '  10  ,  whereas  Jmax 

<_  1.10  —  5.10*1  is  valid  for  all  molecules  (see  below). 

The  interaction  constant  A  may  be  a  positive  or  a  negative 
value;  corresponding  to  this  fact,  we  distinguish  normal 
and  Inverse  electronic  states ;  the  ground  state  of  the  hy- 

droxyl  group,  for  example,  is  inverse  (X  Hi  state),  whereas 

2 

that  of  the  methine  is  normal  (X  n  state). 

r 

The  addend  f(K,  J  -  K)  Is  caused  in  the  general,,  case^as 
follows:  a)  by  the  interaction  of  the  vectors  S  and  A  which 
is  e(jual  to  zero  at  A  =  0;  b)  by  the  interaction  of  the  vec¬ 
tor  S  with  the  magnetic  field  of  the  molecule  formed  due  to 
the  rotation  of  the  nuclei  of  its  atoms  and  being  equal  to 
X  [J  (J  +  1)  -  K(K  +  1)  -  S(S  +  1)],  where  y  is  a  constant; 

2 

e)  by  interaction  of  the  electron  spins,  which  is  not  equal 
to  zero  3  >  1/2. 

Appropriate  equations  were  proposed  by  Kramers  [2473]  for 

^ z  states  similar  to  the  Hund  case  b;  using  the  symbols  of 
Eq.  (1.24),  they  may  be  expressed  as  follows: 
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The  inrlices  +  (plus),  -  (minus),  u  and  £  characterize  the 
symmetry  of  the  electron  wave  function  of  the  molecule.  If 
the  electron  wave  function  reflected  on  the  plane  going 
through  the  atomic  nuclei  of  the  molecule  does  not  change, 
the  corresponding  state  is  called  a  symmetric  one  and  de¬ 
signated  by  the  index  +;  if,  however,  thr-  function  changes 
its  sign,  the  state  is  called  an  anti-syk  *?tric  one  and 
denoted  by  — .  The  states  are  distinguished  additionally  on 
the  basis  of  their  parity  in  the  case  of  molecules  which 
have  nuclei  with  equal  charges.  If  the  electron  wave  func¬ 
tion  cbes  not  change  its  sign  when  the  sign  of  the  coordi¬ 
nates  of  all  electrons  is  changed,  the  corresponding  state 
is  termed  an  even  state  and  marked  by  the  Index  £.  If  the 
wave  function  changes  its  sign  when  the  sign  of  the  coordi¬ 
nates  cf  the  electrons  is  changed,  the  state  Is  an  odd  state 
and  is  marked  by  the  index  u. 

Sometimes,  this  rule  :.s  valid  for  isoelectronic  molecules 
and  even  in  cases  when  the  atoms  A  and  B  and  C  belong  to 
different  groups. 

The  value  of  DQ  may  be  calculated  by  means  of  the  similar 
relation 


(1.36a) 


In  the  case  of  high  powers  of  the  quantum  v  and  J,  the  de¬ 
termination  of  the  coefficients  from  the  Dunham  relations, 
used  lr.  order  to  improve  the  approximation  of  the  energy  cf 
high  vibrational  and  rotational  levels  by  the  aid  of  Eqs. 
(l.*l)  and  (1.15),  is  inpossible,  because  the  function 
(1.32)  sufficiently  describes  the  potential  energy  of  the 
molecule  only  In  the  range  of  its  minimum,  i.e.,  at  r  ~  r£. 

The  function  (1.32)  is  divergent  at  values  r  >>  rg  which 

correspond  to  great  v  and  J. 

A  distinction  between  the  constants  Bg  and  BQ  is  senseless 
in  the  case  of  ar  estimation  of  the  constants. 
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In  the  Handbook  such  molecules  will  be  termed  isotopic  modi¬ 
fications  of  the  given  molecule. 

See  also  Herzberg  [152],  Vol’kenshteyn,  Yel’yashevich  and 
Stepanov  [128],  Wilson,  Dashnus  and  Cross  [127a],  Towns  and 
Shavlov  [516]  and  also  the  original  papers. 

Besides  the  mentioned  symmetry  elements,  the  molecules  which 
belong  to  the  point  groups  Dph  possess  £  second-order  sym¬ 
metry  axes  which  lie  on  the  intersection  of  the  plane 
with  the  plane  o^. 

It  should  be  observed  that  in  recent  years  it  was  preyed 
that  oertain  monlinear  polyatomic  molecules,  particularly  com¬ 
pounds  of  the  type  OsFg,  possess  stable  degenerate  electo- 
nic  states  (see.  for  example,  [118a]).  However,  up  to  date 
stable  degenerate  states  are  unknown,  for  the  compounds  of 
elements  treated  in  this  Handbook. 

The  expressions  (1.33)  and  (1 . 54 )  correspond  to  cases  in 
which  anharmonic  resonance  takes  place  between  the  non¬ 
degenerate  vibrational  states.  The  energy  of  the  Fermi  re¬ 
sonance  of  trlatomic  molecules  with  one  doubly-degenerate 
state  has  the  form 


».-l.  (M31. 
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The  resonance  interaction  is  possible  only  in  cases  if  the 
vibrational  states  with  similar  energies  are  described  by 
wave  functions  of  the  same  symmetry  or,  in  other  words,  if 
the  appropriate  vibrf-tions  are  of  the  same  symmetry  type. 

The  interaction  of  the  angular  momentum  of  the  atomic  nuc¬ 
lei  with  the  motion  of  the  electrons  has  not  been 'investi¬ 
gated  and  will  not  be  discussed  further. 

The  expressions  for  the  energy  of  the  rotational  levels  of 
linear  molecules  and  of  molecules  of  the  type  of  spherical 
tops  are  of  the  same  form;  the  statistical  weights  of  the 
rotational  states,  however,  are  different  (see  below,  page 
109). 

Molecules  which  co  .not  possess  symmetry  axes  of  the  third 
or  higher  order  may  have  sometimes  two  or  even  tiuee  equal 
principal  moments  of  inertia,  i.e.,  they  are  "accidental" 
symmetric  or  spheric  tops. 

The  axes  of  the  principal  moments  of  inertia  coincide  with 
the  symmetry  axes  and  lie  in  the  symmetry  planes  or  perpen¬ 
dicularly  to  them  when  a  molecule  of  the  type  of  asymmetric 
tops  possess  elements  of  symmetry  (a  second-order  symmetry 
planes).  This  essentially  facilitates  the  calculation  of  the 
principal  moments  of  inertia  of  molecules  of  this  type.  When 
the  asymmetric  top  does  not  possess  the  mentioned  elements 
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of  symmetry,  the  direction  of  the  axes  of  the  principal  mo¬ 
ments  of  inertia  may  be  found  only  as  a  direction  of  the 
axes  of  the  inertia  ellipsoide 

The  simple  regularities  between  the  number  of  valency  elec¬ 
tron  ?  the  structure  of  the  molecule,  found  by  Walsh  (see 
[4139 :  cn  the  basis  of  the  method  of  molecular  orbits,  may  be 
used*;  order  tc  predict  the  structure  of  single  molecules. 

The  model  of  the  f\eld  of  intramolecular  forces  of  the  mole¬ 
cule  of  which  the  vibrational  frequencies  are  known,  and 
of  that  molecule  which  estimation  is  required,  must  be  equ¬ 
al,  when  carrying  out  such  estimations. 

Khachkuruzov  [440]  has  shown  that  the  relation  (1.65)  is 
valid  only  for  Isotopic  molecules  with  an  equal  symmetry. 
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[Transliterated  SymbolsJ 

Ba“'=  vy°n  =  vychislitel'nyy  =  calculated 
skcii  s  eksp  =  eksperimental *nyy  =  experimental 
$  =  p  =  Fermi  =  Fermi 

=  eff  «  effektivnyy  =  effective 


Chapter  2 

STATISTICAL  METHODS  OP  CALCULATING  THE  THERMO- 
DYNAMIC  FUNCTIONS  OF  IDEAL  CL-.SES 

§5.  INTRODUCTION 

In  §1  we  have  remarked  that  the  thermodynamic  functions  of  any 
gas  may  be  calculated  in  terms  of  the  statistical  sum  (partition  func¬ 
tion)  of  the  system  of  gas  particles  (atoms  or  molecules)  and  their 
derivatives  with  respect  to  the  temperature.  We  will  :.ot  discuss  in 
this  chapter  the  theoretical  bases  of  the  statistical  methods  used  for 
calculating  the  thermodynamic  functions  of  gases,  an’  for  deducing  the 
relationships  (7)  —  (10)  connecting  the  values  of  thermodynamic  func¬ 
tions  with  the  statistical  sum  and  its  derivatives.  These  problems  are 
dealt  with  thoroughly  in  books  on  statisti'al  mechanics* and,  especial¬ 
ly,  in  Godney’s  monograph  [157]  which  deals  with  the  ge..jraL  problems 
involved  in  calculating  thermodynamic  functions  of  ga^-es  by  means  of 
statistical  methods.  We  will  limit  ourselves  here  to  the  discussion 
of  various  methods  of  calculating  thermodynamic  functi.-  ns,  with  spe¬ 
cial  attention  to  those  problems  which  are  related  to  the  main  con¬ 
tent  of  the  Handbook.  Therefore,  several  peculiarities  :'n  the  calcu¬ 
lating  of  thermodynamic  functions  of  gases  at  low  temperatures  will  not 
be  dealt  with,  and  the  methods  of  calculating  the  functions  of  gases, 
the  molecules  of  which  possess  an  internal  rotation,  will  be  discussed 
only  in  general  *?rms. 

It  should  be  noted  however  that,  apart  from  the  series  of  papers 
cr  methods  of  calculating  the  functions  of  diatomic  gases,  published 


122 


S5S 


—  -  -r**  --*' 


by  the  author  team  of  the  Handbook  [105.  106,  107],  reviews  and  mono¬ 
graphs,  in  which  the  various  methods  of  calculating  thermodynamic  gas 
functions  are  compiled  and  generalized,  are  almost  nonexistent  in  mo¬ 
dern,  up-to-date  literature.  Fundamental  methods,  which  are  widely 
quoted  in  literature,  are  cited  in  Kassel’s  wellknown  review  [2333] 
and  in  the  previously  mentioned  monograph  by  Godnev  [157]*  An  analysis 
of  tne  accuracy  of  the  methods,  however,  of  their  relative  advantages, 
and  of  the  conditions  for  the  expedient  application  of  each  cf  them 
is  lacking  in  these  papers.  Moreover,  the  peculiarities  in  calculating 
thermodynamic  gas  functions  at  high  temperatures,  which  have  acquired 
especial  significance  and  which  have  been  substantially  improved  in  the 
past  10  -  15  years,  are  not  examined  on  their  merits  in  Kassel’s  re¬ 
view  and  in  Godnev ’s  book. 

Almost  all  fundamental  methods  of  calculating  thermodynamic  func¬ 
tions  of  ideal  gases  at  moderate  and  high  temperatures,  including  the 
methods  developed  by  the  authors  of  the  present  Handbook  during  the 
last  years,  are  described  in  this  Handbook. 

In  examining  the  methods  of  calculating  thermodynamic  functions, 
it  is  not  expedient  to  discuss  all  equations  for  the  calculation  of 
all  functions.  In  this  section,  in  principle,  the  relations  for  calcu¬ 
lating  the  statistical  sum  Q,  the  reduced  thermodynamic  potential  4>” 
and  the  entropy  S°T  are  quoted.  Similar  relations  for  the  calculation  o 
other  functions  may  be  developed  from  Eqs.  (8)  —  (13). 

The  material  under  discussion  is  stated  in  the  following  order. 
First,  the  division  of  the  statistical  sum  into  components  is  consider¬ 
ed  and  the  general  relations  for  calculating  the  translational  and  intr 
molecular  components  in  terms  of  thermodynamic  functions  are  cited. 
Thereupon,  the  various  methods  of  calculating  intramolecular  components 
of  the  thermodynamic  functions  of  monatomic,  diatomic  and  polyatomic 


gases  are  stated  in  three  separate  divisions.  All  correlations  cited 
in  these  divisions  pertain  to  individual  gases  consisting  of  identical 
particles  and  not  differing  in  their  isotopic  composition.  The  effect  of 
the  isotopic  composition  of  the  gases  on  their  thermodynamic  functions 
is  stated  in  the  final  division  of  the  chapter. 

In  this  Handbook  the  methods  of  calculating  tables  of  thermodyna¬ 
mic  functions  of  gases  are  stated  separately;  the  equations  which  per¬ 
mit  the  evaluation  of  the  accuracy  of  these  calculations  are  listed, 
and  the  methods  for  approximating  the  tabulated  values  of  thermodyna¬ 
mic  properties  by  polynomials  are  also  quoted. 

Division  of  the  statistical  sum.  Formula  for  calculating  the  trans¬ 
lational  components  of  thermodynamic  functions  of  gases.  The  energy  of 
any  gas  particle  (atom  or  molecule)  may  be  represented  as  the  sum  of 
two  independent  components,  one  of  which  is  related  to  the  translation¬ 
al  motions  of  the  particle,  the  other  to  its  internal  (intramolecular) 
motions. 

®t  =  ti.nocr  +  ®i,M  • 

Therefore,  According  to  Eq.  (6),  the  sum  over  the  states  of  the  atom 
(molecule)  may  be  represented  as  the  product  of  the  sum  over  transla¬ 
tional  states  and  the  sum  over  the  internal  states. 

Q  —  QnocT  *  Qia> 

In  accordance  with  Eas.  (7)  —  (10)*  the  thermodynamic  functions 
of  a  gas  may  be  represented  as  a  sum  of  two  components,  in  particular, 
as 

o;  =  <i>Lct  +  <d*„, 

£  =  Slocr  +  S„,  ( II-  2) 
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v/here 


(H-3) 


<I>1oct  =  /?  In  ip. 


Sl«=Rin^+RT  (^2),, 
Oh  *=  /?  In  Qu tt 


(II. 4) 


(11*5) 


Sat  — R  In  Q»u  +  RT 


(11.6) 


The  calculation  of  the  sum  Qp0st  over  the  states  of  translational 
motion  does  not  present  difficulties;  the  deduction  of  the  appropriate 
equation 

<n.7) 

where  M  is  the  molecular  weight  of  the  gas,  p  is  the  pressure,  is  given 
in  any  compendium  on  statistical  mechanics  (see,  for  example,  [285], 
p.127,  and  also  [157],  p.53)* 

On  the  basis  of  the  numerical  values  of  physical  constants  as¬ 
sumed  in  this  Handbook  (see  Supplement  2,  Table  302),  the  following 
formulas  for  calculating  the  translational  components  and  ®nost 

(in  cal/mole  • degree)  are  obtained  for  an  ideal  gas  at  a  pressure  of  1 
atm: 


<DUr-  11,43960  IgT-M®, 

(II.8) 

£oe»=  11,43960  IgT  +  rfs. 

(II. 9) 

A*  -  6,86376  IgM  —  7,28355, 

(11.10) 

As  =  6,86376  IgM-  2,31535. 

(il.11) 

The  statistical  sum  over  the  intramolecular  states.  Practical  and 
total  values  of  thermodynamic  functions.  The  main  difficulties  in  cal- 
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culating  thermodynamic  functions  cf  gases  occur  in  calculating  of  the 
statistical  sum  over  intramolecular  states  and  of  the  corresponding 
components  in  the  values  of  the  functions.  The  statistical  sum  over 
the  intramolecular  states  is  generally  the  sum  over  the  electronic,  vi¬ 
brational  and  rotational  states  and  also  over  the  states  which  are  re¬ 
lated  to  the  orientation  of  the  spins  of  the  atomic  nuclei  which  form 
the  gas  molecules. 

The  states  of  atoms  and  molecules  varying  from  one  another  by  the 
different  orientation  of  the  nuclear  spins,  possess  virtually  equal 
energies,  a>d  the  nuclear  spins  remain  constant  for  each  isotope  of  the 
element  as 3ong  as  there  are  no  nuclear  reactions.  Therefore,  the  com¬ 
ponent  in  the  statistical  sum,  which  is  caused  by  the  nuclear  spins, 
is  independent  of  the  temperature  and  comprises  an  additional  statis¬ 
tical  weight  for  states  which  are  related  to  other  intramolecular  mo¬ 
tions. 

It  has  been  shown  in  Chapter  1  that,  depending  on  the  value  of 
the  nuclear  spins,  coefficients  enter  the  statistical  weights  of  the 
energy  states  of  atoms  and  molecules  (see  page;  '9,  80  and  109)*  This 
coefficient  is  the  same  for  all  states  of  a  given  atom  or  asymmetric 
molecule,  aid  it  is  equal  to 

2f4+l)(2/1+I)...(2/„+I). 

where  n  is  the  number  of  atoms  In  the  molecule.  This  enables  the  com¬ 
ponents  Q  of  the  nuclear  spins  to  be  eliminated  from  the  sta- 

ys  •  s  * 

tistical  sum  over  the  intramolecular  states  of  atoms  and  asymmetric 
molecules : 

Q-c.=  ff(2/*+I).  (11.12) 

In  symmetric  molecules,  however,  i.e.,  in  molecules  which  possess  sym¬ 
metry  planes  on  symmetry  axes  of  second  or  higher  order,  the  statis- 
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tical  weights  of  the  rotational  states  depend  on  the  spins  of  the  atom¬ 
ic  nuclei  which  form  the  molecule.  In  particular,  a  part  of  the  rota¬ 
tional  states  is  not  realized  at  all,  if  the  spins  are  equal  to  zero 
(see  above,  page  82,  and  also  D-51]  page  10  and  [157],  page212)*  A 
difference  in  the  energy  of  two  adjacent  rotational  levels  cf  a  sym¬ 
metric  molecule,  which  is  great  in  comparison  to  kT,  affects  the  val- 
Uvi  of  the  statistical  sum  over  the  rotational  states  in  a  complex  man¬ 
ner,  and  makes  it  impossible  to  eliminate  the  cofactor  n  (21.  +  1). 

k  K 

At  normal  temperatures ,  however,  the  difference  between  the  energies 
of  adjacent  rotational  states  is  essentially  lower  than  the  value  of 
kT  for  all  molecules,  except  for  the  molecule  of  hydrogen  and  its  iso¬ 
topic  modifications.  The  errors  caused  by  neglecting  the  difference 
in  the  statistical  weights  of  states  with  even  and  odd  values  of  the 
quantum  number  J  are  negligible,  even  in  the  case  of  H2  (see  pagel^O), 
at  temperatures  higher  than  293.15°K.  Therefore,  the  statistical  sum 
may  be  represented  as  a  product  of  three  independent  cofactors  in  the 
case  of  all  conditions  treated  in  the  Handbook,  and  in  regard  to  all 
gases : * 

Q  =  Qnocr*Q*«*Q«-c..  (11.13) 

Henceforth  Q _ ,  i.e.,  the  statistical  sum  of  the  electronic,  vib- 

rational  and  rotational  states  will  be  understood  to  be  the  statisti¬ 
cal  sum  over  the  internal  states  of  atoms  and  molecules.  According  to 
this,  the  components,  in  which  the  spins  of  the  atomic  nuclei  are  not 
taken  into  account,  will  be  understood  to  be  the  intramolecular  com¬ 
ponents  of  thermodyna-de  functions.  It  should  be  noted  that  the  appro¬ 
priate  components  are  usually  not  included  in  the  values  of  $$  and 
S°T  in  modern  literature  (see  [157],  page  3^1)  when  calculating  the 
thermodynamic  functions  of  gases,  due  to  the  fact  that  the  nuclear 
spire  do  not  change  during  chemical  transformations,  and  the  compo- 
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nents  of  the  nuclear  spins  differ  from  zero  only  by  the  values  of  the 
thermodynamic  potential  and  of  the  entropy.  The  thermodynamic  func¬ 
tions  calculated  without  the  components  of  the  nuclear  spins  are  some¬ 
times  termed  virtual  or  practical  functions  in  contrast  to  the  total 
entropy  or  the  thermodynamical  gas  potential,  in  which  the  components 
of  the  nuclear  spins  and  some  other  effects  must  be  included  (see  be¬ 
low  S  15). 

Henceforth  the  practical  values  of  the  thermodynamic  potential 
n*T  and  the  entropy  S°T  of  the  gas  equal  to  the  sum  of  the  transla¬ 
tional  and  intramolecular  components  (Eqs.  (II. 3)  and  (II. 4))  will  be 
understood  to  be  reduced  thermodynamical  potential  and  entropy  in  this 
Handbook  in  all  cases  where  no  special  reservation  is  made. 

Before  going  over  to  the  discussion  of  the  methods  of  calcula¬ 
ting  the  statistical  sums  over  the  intramolecular  states,  '*e  should 
recall  (see  Chapter  1)  that  the  energy  of  che  electronic,  vibration¬ 
al  and  rotational  levels  of  atoms  and  molecules,  and  also  the  con¬ 
stants  an  the  equations  of  molecular  energies  are  expressed  in  wave 
numbers  (in  cm-').  Therefore  the  corresponding  values  must  be  multi¬ 
plied  by  he,  where  h  is  the  Planck  constant  and  £  is  th?  velocity  of 
light,  when  the  corresponding  values  are  to  be  substituted  into  the 
statistical  sums.  The  statistical  sum  Qvn  is  in  this  case  equal  to 

qm  «  (—  ~^r)  *=  S  ptexp  [—  w  (v'-v<4  (ii  - 11* ) 

t  t  .  J 

where  vi  and  vQ  are  the  energies  of  the  ith  and  the  ground  state  of 
the  atom  or  molecule,  expressed  in  reciprocal  centimeters. 
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DIVISION  1.  M)N ATOMIC  GASES 

§6.  CALCULATION  OF  THE  THERMODYNAMIC  FUNCTIONS  OF  MONATOMIC  GASES 

In  the  case  of  monatomic  gases,  the  statistical  sum  over  the  in¬ 
ternal  states  is  equal  to  the  sum  over  the  electronic  states  of  the 
atoms  (or  monatomic  ions)  of  the  gas.  If  we  denote  the  excitation  en¬ 
ergies  of  the  electronic  states  of  atoms  by  (in  cm*’1),  and  their 
statistical  weights,  which  are  equal  to  (PL  +  1)  (2S  +  l),  by  the 
sum  over  the  internal  states  of  an  atom  may  be  represented  in  the 
form 

<2„  ~  =  S^exp  (-  vA  (11.15) 

The  summation  in  (11.15)  must  be  carried  out  in  all  the  electro¬ 
nic  states  which  the  atoms  of  the  given  gas  possess  according  to  the 
increase  of  their  excitation  energy, #each  conqaonent  being  considered 
as  a  separate  state  if  the  excitation  energies  of  the  individual  com¬ 
ponents  of  multiplet  states  differ  essentially  from  each  other.  The 
excitation  energies  and  the  statistical  weights  p^^  of  the  electro¬ 
nic  states  of  atoms  may  be  determined  by  examining  their  spectra  or 
b y  approximate  estimations  (see  page  5^)-  The  sole  fundamental  prob¬ 
lem  which  arises  in  calculating  the  statistical  sum  over  the  electro¬ 
nic  states  of  the  atom  and  of  its  derivatives  Is  to  determine  the  num¬ 
ber  of  states  which  must  be  taken  into  account  In  the  calculation. 

The  excitation  energy  of  the  electronic  states  of  atoms,  espe¬ 
cially  of  the  atoms  of  light  elements,  is  relatively  great  even  at  tem¬ 
peratures  which  are  not  especially  high  (a  problem  which  has  not  in¬ 
terested  the  investigators  up  to  the  present  time),  and  the  cont  i.- 
bution  of  each  individual  state  (p*exp|—~  to  the  sum  (11.15)  is 
small.  Therefore,  the  excited  electronic  states  of  atoms  were  not 
taken  into  account  in  the  majority  of  the  published  calculations 
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(see  [285],  page  l40j  [157],  page  78),  a  fact  which  is  equal  to  the 
assumption 

Q.5  =  II  PW P  (—  w  V/)  “  p0*  (11.16) 

C 

where  pQ  is  the  statistical  weight  of  the  ground  state  of  the  atom. 

In  some  papers,  several  low  electronic  states  of  atoms  were  given 
consideration  in  the  sum  (11.15),  the  contribution  of  which  is  com¬ 
parable  to  the  value  of  pQ  in  the  given  temperature  range.  In  this 
case,  the  number cf  terms  in  the  sum  (11.15)  must  increase  rapidly  if 
the  temperature  range  is  extended  to  include  higher  temperatures.  It 
was  noted  in  the  paper  by  Veyts,  Gurvich  and  Rtishcheva  [126]  that 
all  states  with  <_  10*T  must  be  taken  into  account.  Kolsky,  Gilmer 
and  Gilles  [2M62]  included  in  the  sum  (II. 15)  all  states  which  were 
observed  in  the  spectra  of  the  Investigated  atoms  (in  spite  of  the 
fact,  that  at  the  same  time  states  with  lower  excitation  energies, 
not  observed  experimentally,  were  not  taken  into  account). 

It  is  evident,  that  the  neglecting  in  the  sum  (11.15)  of  states 
the  contribution  of  which  is  small  in  comparison  with  the  value  of 
pQ,  can  only  be  Justified  on  the  condition  that  the  total  number  of 
terms  in  the  sum  is  finite.  According  to  Bohr's  theory,  the  number  of 
discrete  states  in  each  group  of  terms  becomes  infinite  at  n-*«.  If 
this  were  true,  however,  the  statistical  sums  and  thermodynamic  func¬ 
tions  of  monatomic  gases  would  have  to  become  infinite  at  any  temp¬ 
erature.  A  method  is  therefore  necessary  by  which  the  number  of  states 
in  the  sum  (11.15)  or  of  the  upper  limit  of  the  latter  can  be  deter¬ 
mined,  especially  when  calculations  are  to  be  carried  out  for  high 
temperatures,  where  the  contribution  of  states  with  high  excitation 
energies  is  significant. 

As  recently  as  the  Twenties,  a  number  of  authors  (see  [97])  made 
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attempts  to  limit  the  number  of  possible  states  of  gas  atoms  in  the 
sum  (11.15)  in  'the  basis  of  the  assumption  that  each  atom  may  occupy 
only  a  limited  volume  in  space.  Due  to  the  fact  that  the  volume  of 
the  atom  is  in  first  approximation  proportional  to  the  sixth  power  of 
the  principal  quantum  number  n  (see  Eq.  (11.19)),  this  assumption  ’ 
makes  it  possible  to  represent  the  number  of  states  as  a  function  of 
the  gas  pressure  and  temperature.  Particularly  Fermi  [1551*],  who 
carried  out  a  successive  calculation  of  the  proper  volumes  of  gas 
atoms,  obtained  the  expression 

rS¥//).  (11.17) 

for  the  statistical  sum,  where  V  is  the  volume  of  one  gas  mole,  Nj  is 
the  number  of  atoms  in  the  jth  state  and  is  the  energy  of  inter¬ 
action  between  the  atoms  1  and  j. 

The  supplementary  factor  in  Eq.  (11.17)  automatically  excludes 
states  with  high  values  of  n. The  values  of  the  principal  quantum  num¬ 
ber  n,  atvhichthe  statistical  sum  calculated  by  the  Fermi  method 
breaks  off,  are  quoted  in  Table  6  for  p  *  1  atm. 

TABLE  6 

Values  of  n  at  p  ■  1  atm  Calculated  by  Different  Met¬ 
hods  max 


r.  *k 

290,15 

1000 

10  000 

15  000 

20000 

Manx  Oepint  . 

7 

8 

9 

9 

10 

Coonoocxae  (11.18)  Z  ...  . 

6 

8 

11 

12 

13 

1)  Fermi  method;  2)  equation  (II. 18). 

An  essentially  new  method  of  approach  to  this  problem  was  pro¬ 
posed  by  Baumann  [687],  based  on  the  application  of  Heisenberg's  un¬ 
certainty  relation  At  •  AE  <_  h  and  also  taking  into  account  the  short 
lifetime  of  the  atoms  in  excited  states.  Due  to  the  fact  that  the 


lifetime  x  of  atoms  in  excited  states  is  snort,  the  difference  between 

the  excitation  energies  of  adjacent  discrete  levels  cannot  be  smaller 

than  A£  =  *  .»  and,  therefore,  the  number  of  discrete  states  must  be 

finite  even  for  an  isolated  atom.* 

Assuming  the  lifetime  of  an  isolated  atom  in  excited  state  as 
—8 

‘  10“  sec  (a  value  found  experimentally  for  resolved  optical  transi¬ 
tions  from  states  with  low  values  of  n)  and  introducing  corrections 
for  the  lifetime  of  the  atom  in  states  with  high  n  values  due  to  col¬ 
lisions  of  the  external  atom  electron  with  the  surrounding  gas  atoms, 
Baumann  has  found  that  the  maximum  values  of  n  in  the  statistical 

o  2 

sum  (11.15)  are  in  the  order  of  8*lCr  and  2.5*10  ,  respectively,  for 
the  Isolated  hydrogen  atom  at  T  *  10,000°K  and  the  monatomic  gaseous 
hydrogen  at  a  pressure  of  1  atm  and  T  *  10,000°K.** 

I t  should  be  noted  that  the  method  proposed  by  Baumann  and  also 
the  methods  proposed  earlier  by  Fermi,  Fowler,  Urey  and  others  (see 
[97])  are,  strictly  speaking,  not  applicable  to  high  temperatures 
when  a  remarkable  ionization  of  the  gas  atoms  sets  in.  Shielding 
fields  arise  around  the  atoms  and  icns  at  high  concentrations  of  char¬ 
ged  particles,  and  these  fields  essentially  limit  the  possibility  of 
the  existence  of  atoms  and  ions  in  electronic  states  with  high  exci¬ 
tation  energies.  It  is  evident,  that  under  such  conditions,  realized 
in  the  plasma,  the  gases  may  not  be  considered  as  being  composed  from 
individual  components.  At  the  same  time,  it  is  impossible  to  take  into 
account  the  effect  of  the  Coulomb  interaction  on  the  energy  of  the 
system  and  on  the  value  of  n  when  thermodynamic  functions  of  indi- 
vidual  substances  are  to  be  calculated.  Since  the  determination  of  the 
upper  limit  of  the  sum  (11.15)  is  of  no  importance  at  temperatures 
where  the  ionization  degree  of  the  gas  is  small,  and  an  accurate  cal¬ 
culation  of  the  thermodynamic  functions  of  individual  gases  is  impos- 
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sible  at  high  temperatures  (when  the  ionization  degree  of  the  gas  is 
considerable),  approximate  relations  may  be  used  for  the  estimation 
of  the  upper  limit  of  this  sum. 

Assuming  that  the  gas  atoms  are  rigid  spheres,  and  that  the  vol¬ 
ume  of  any  atom  at  any  temperature  cannot  exceed  the  magnitude  V/N, 
where  V  is  the  volume  of  one  mole  of  the  gas  atT°K  and  N  is  the  number  of 
atoms  in  one  mole,  it  is  possible  to  obtain  a  simple  formula  for  de¬ 
termining  nmax  as  a  function  of  the  temperature  and  pressure  of  the 


gas : 


Aaux 


K3  *r\v.  v/t 

to  7V  2Rhc\  (11.18) 


where  R  is  the  iVdberg  constant,  h,  c,  e  are  the  Planck  constant,  the 
velocity  of  light,  and  the  electron  charge.  This  formula  was  obtained 
by  Gurvich  and  Kvlividze  [171]*  assuming  that  the  radius  of  the  atom 
may  be  calculated  by  the  equation 


, _ Ii_ni 

~  2  Rhc  n  • 


(11.19) 


which,  strictly  speaking,  is  valid  only  for  the  hydrogen  and  hydro- 
gen-like  atoms.  The  corrections,  however,  which  take  into  account  the 
interaction  between  the  electror**  in  atoms  with  several  electrons 
in  unfilled  shells,  are  essential  only  for  states  corresponding  to  low 
values  of  the  quantum  number  £  of  the  orbital  momer'.  ur  of  che  elec¬ 
tron.  The  corresponding  corrections  decrease  rapidly  for  states  which 
correspond  to  values  of  £  different  from  zero  (i.e.,  states  which  po¬ 
ssess  groat  statistical  weights  and  which  give  the  fundamental  con¬ 
tribution  to  the  sum  (11.15)  of  all  states  with  the  given  quantum 
number  n).  The  reference  to  the  interaction  of  atoms  changes  the  va¬ 
lue  of  n _  for  £«  0  by  1  -  2  units  and  leaves  it  practically  un¬ 

changed  at  £  > 2  even  in  heavy  atoms,  for  which  the  corrections  for  the 
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interaction  of  the  electrons  have  maximum  values.  The  values  of  n  „ 

max 

calculated  by  Eq.  (11.18)  are  quoted  in  Table  6.  As  this  Table  indi¬ 
cates,  the  values  of  n  QV  calculated  by  Eq.  (11.18)  and  by  the  Fermi 
method  are  in  a  satisfactory  accordance  with  each  other  at  T  <  10,000°K 
The  differences  between  them  increase  at  higher  temperatures.  The 
values  calculated  by  means  of  Eq.  (II. 18),  however,  show  a  better  ac¬ 
cordance  with  those  calculated  for  the  hydrogen  plasma  in  the  papers 
by  Baumann  [687]  and  Ecker  and  Weizel  [1448]  (see  also  [171]). 

In  this  Handbook,  the  values  of  n  were  calculated  by  the  for- 
mula  (11.18).  Assuming  the  expression  (11.15)  for  the  statistical  sum 
over  the  electronic  states  of  the  atom,  the  following  equations  are 
valid  for  the  corresponding  components  in  the  values  of  the  thermo¬ 
dynamic  functions*: 


=  ©L,  =  /?  In  2  p{  exp  )  , 


Smm  -  S,M  =  R  In  S  P.exp  +  R 


(11.20) 

(11.21) 


The  equations  (II. 8)  -ul.9)  and  (11.20)  -  (11.21)  give 

o;  =  a>;B  +  <S>'noct  =  (DU  +  11,43960  Jg  T  -f  A ♦,  (11.22 ) 

£  -  +  Slocr  =  s> ,  +  11,43960  Ig T  +  As.  (II  23) 

where  and  Ag  are  calculated  by  Eq.  (II. 10)  and  (II. 11).  The  num¬ 
ber  of  terms  In  the  summation  over  i  depends  on  the  temperature  at 
which  the  calculation  is  carried  out,  and  on  the  pressure  of  the  gas. 

It  has  already  been  noted  that  the  contribution  of  all  levels 
with  high  excitation  energies  is  so  small  at  low  temperatures  that  the 
sums  over  _i  may  be  break  off  at  values  of  n  which  are  essentially 
smaller  than  npaj_.  The  greatest  majority  of  the  states  corresponding 
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to  high  values  of  n  possess  an  excitation  energy  similar  to  the  en¬ 
ergy  of  the  ionization  limit  of  the  given  group  of  terms.  Hence,  the 
temperature  -  above  which  all  states  with  n  <  n  ..  must  be  taken 
into  account  in  the  statistical  sum  -  is  different  for  different  gases 
and  depends  on  the  ionization  energy  of  the  given  gas.  Numerical  cal¬ 
culations  show,  that  for  T  <  1/15  It  is  sufficient  to  take  into  ac¬ 
count  in  Qel  the  states  for  which  £  10«T,  provided  that  the  va- 
* 

lues  of’  $  T  and  S  T  are  calculated  with  an  accuracy  of  the  order  of 

_o 

2*10  J  cal/g-atom*degree,* the  gas  temperature  is  expressed  in  °K,  and 

the  ionization  energy  I  and  the  excitation  energies  v,.  of  the  elec- 

tronic  states  of  atoms  are  represented  in  cm_i;  for  T  >  1/15  all 

states  with  n  <  nranv  must  be  taken  into  account. 

—  max 

It  must  be  remarked  that,  calculating  the  values  of  n  „  by 

°  max 

Eq.  (II. 18),  the  value  of  nmax  is  obtained  as  a  continuous  function 
of  temperature  and  pressure,  whereas  the  principal  quantum  number  of 
the  electrons  of  the  atom  may  assume  only  integral  values.  If  we  as¬ 
sume  that  nmax  possesses  only  integral  values,  the  calculated  ther¬ 
modynamic  gas  functions  will  show  discontinuities  at  temperatures 

corresponding  to  the  transition  of  n  „  from  the  value  a  to  the  val- 

max  — 

ue  a  +  1.  In  view  of  the  fact  that  the  thermodynamic  functions  of 
gases  are  continuous  functions  of  the  temperature,  the  application 
of  n  values  calculated  by  Eq.  (II. 18)  as  a  continuous  function  of 
the  temperature  is  fully  justified.  It  is  expedient  to  express  the 
value  of  n  as  a  sum  when  carrying  out  the  calculations: 

n'  +  fi,  (11.24) 

where  ft  =  2,461  [^Srj]/‘—  °<  6  <  1  ;  and  n’  Is  an  integral  value, 

constant  within  a  determined  temperature  range. 

Corresponding  to  this  fact,  the  statistical  sum  over  the  elec¬ 
tronic  state  ’,  and  its  derivatives  may  be  represented  in  the  form  of 
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two  sums.  For  example. 


2  Pi** P  (-srv')*M  2  (—  £  v/)- 

/-«  '  '  l i-a+i  '  ' 


(11.25) 


Here,  all  states  corresponding  to  the  values  of  the  quantum  number 
n  ^  n’  are  included  into  the  first  t,um,  and  all  states  with  n  =  n’  +  1 
are  included  into  the  second  sum. 

We  have  already  remarked  above  that  a  great  number  of  terms 
must  be  taken  into  account  in  the  statistical  sums  over  the  electro¬ 
nic  states  of  electrons  and  their  derivatives  at  high  temperatures 
since  a  very  considerable  number  of  excited  states  corresponds  to 
even  low  values  of  the  principal  quantum  number  of  the  valence  elec¬ 
trons  of  the  atom.*The  summation  term-by-term  in  calculating  the  sums 
which  are  components  of  Eq.  (11.25)  becomes  much  too  complex  a  prob¬ 
lem  when  the  calculations  are  car-  led  out  for  high  temperatures,  even 
when  electronic  computers  are  used. 

In  the  first  edition  of  this  Handbook  and  in  the  paper  [126] 

3t  was  proposed  to  consider  states  with  similar  excitation  energies 
as  one  energy  level  with  a  summary  statistical  weight  and  an  aver¬ 
aged  exciti.*.  ion  energy,  which  is  equivalent  to  the  condition 

2  pi«xp(—  wy*)^&  ar  v)’  (11.26) 

where 

2  m 

2* 

It  may  be  shown  (see  [171])  that  the  error  In  the  value  of  the 
statistical  sum  caused  by  such  a  unification  of  electronic  states  Is 
in  first  approximation  equal  to 
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(11.27) 


-»hh§  »&r. 

where  4v/  =  jv  —  v/J 

jv 

It  follows  from  Eq.  (11.27)  that  at  states  with  a  low 

may  be  unified  into  one  level,  and  that  at  £Lv^>-!  >  i.e., 

&T  kT  ^ 

• 

states  which  differ  essentially  in  their  energy,  may  be  unified  at 
high  electronic  states.  The  latter  fact,  in  particular,  makes  it 
possible  to  attribute  the  energies  of  the  dissociation  limits  of  the 
respective  state  groups  to  the  electronic  states  uf  atoms  witn  high 
values  of  the  quantum  number  n  (see  page  54). 

Example.  Let  us  examine  the  calculations  of  thermodynamic  func- 
tions  of  monatomic  gases  in  the  example  of  the  calculation  of  4>  T 

and  S°T  of  monatomic  nitrogen  at  temperatures  of  5000  and  15»000°K 
and  at  pressure  of  1  atm.  Corresponding  to  the  data  cited  in  Chapter 
14  (see  page  757),  the  ionization  potential  .'f  the  N  atom  is  equal 
to  117,345  cm-1.  Thus,  at  T  =  5000°K,  we  may  confine  ourselves  to 
the  sums  which  are  components  of  Eqs.  (II. 20)  and  (II. 21),  in  order 
to  take  into  account  states  for  which  £  10,  and,  consequently, 

vi  .<  30,000  cm-1,  whereas,  at  15,000°K,  all  states  with  n  <  nmgx 
must  be  taken  into  account,  since  at  this  temperature  n  .  accord- 

maX 

ing  to  (II.18),  is  equal  to  12,222. 

a)  Calculation  of  and  S°T  at  50C0°K.  According  to  Mcore  [29-41 

the  N  atom  possesses  two  excited  electronic  states  (  D  and  P)  with 

energies  lower  than  50,000  cm-1  (see  Table  89),  ana,  therefore,  the 

4  2  2 

statistical  sum  :'.s  a  sum  over  the  states  S,  D  and  P  and  may  be 
represented,  according  to  the  data  quoted  in  Table  89,  as  follows : 

«-  =  4  +  10  «,  ('•‘"gff”-)  +  6  exp  (Ifi-gSL)  =  4.04 .07. 

Similarly,  we  have  7  qm  =  0,23123  •  It  follows  from  this: 
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Olg  =*  R  In  =  2,77523  cal/g-atom .degree, and  S*.  =  R  In  QM  +  ~  Q„  = 

“m  dT 

-  2.88894  cal/g-atom? degree.  The  transitional  components  in  the  val- 
ues  of  <J>T  and  S%,  are  calculated  by  Eqs.  (II. 8)  and  (II. 9) i  they  are 
equal  to  42.48864  and  47.86784  cal/g-atom-degree  (A^  =  0.58490,  and 
A0  =  5.55310  cal/g-atom -degree)  if  we  assume  T  =  5000 °K  and  M  = 

O 

=  14.008.  Thus,  we  finally  find,  that  ^qqq  =  45.67485  cal/g-atom -de¬ 
gree,  and  that  S°^000  =  50-75678  cal/g-atom-degree. 

b)  Calculation  of  4>*  and  S0^.  for  15-000°K.  The  electronic  states 
of  the  nitrogen  atom  which  correspond  to  values  n _<  12.222  and  which 
belong  to  five  state  groups  (see  page  51  and  66 3)  my  be  grouped  ac¬ 
cording  to  the  rules  stated  above  into  29  energy  levels  (Table  89). 
Prom  these  29  levels,  the  states  with  n  ^  11  are  grouped  into  23  le¬ 
vels,  and  the  states  with  n  <  13  into  6  levels;  the  energies  of  the 
ionization  limits  of  the  considered  state  groups  are  ascribed  to  the 
latter  levels.  Three  statistical  weights,  p®,  p^  and  p^,  are  ascrib¬ 
ed  to  each  of  the  six  latter  levels.  These  statistical  levels  cor¬ 
respond  to  states  with  the  excitation  energy  of  the  given  level  and 
with  the  values  n  _<  11,  n  <  12  and  n  <  13,  respectively. *Accordin  ■ 
to  the  above  statements,  che  statistical  sum  for  15,000°K  may  be 
represented  in  the  form  of  two  sums: 

=  +  S[^+5(^"*^}]exp(*“CT‘v0  - 

/—ft  /— S3 

where  A  =  2.461  (15,000)^°—  12  =  0.222.  The  corresponding  values  of 
Qu.TfirQ*,,  Oh  and  Syn  are  equal  to  6.16374;  6.25163  and  3-6i42 
cai/g-atom*degree  and  5.6298  cal/g-atom. degree;  the  translational  com- 
ponents  in  the  values  of  <*>T  and  S£,  calculated  by  Eqs.  (II. 8)  and 
(II. 9),  are  equal  to  48.3577  ana  53-3259  cal/g-atom. degree.  Hence,  vo 
find  000  =  51.9719  cal/g-atom. degree,  and  S^0(X)  =  59- 4569  cal/ 
/g-a  1 01a  •  degree . 
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DIVISION  2.  DIATOMIC  OASES 

The  methods  of  calculating  the  r.hermcdynamic  functions  of  dia¬ 
tomic  gases  differ  from  each  other  mainly  in  their  manner  of  calcu¬ 
lating  the  statistical  sum  Qvn  over  the  intramolecular  states.  As 
it  was  stated  above,  Qyn  is  the  sum  over  the  electronic,  vibrational 
and  rotational  states,  and  it  may  be  represented  in  the  case  of  a 
diatomic  molecule  in  the  following  form: 

wm»x 

<?.» S  2  4*P/+  1>e*p{~*rlv“ + F?  <«0--^(0)i}.(ii.28) 

and  its  derivative,  with  respect  to  the  temperature,  is  determined 
by  the  correlation 

T  !r <*-■ -  222  (°)  +  (-0-  (°>l{  w  +  »>*«P  + 

/  •  J 

+  Gp(v)  +  Fl?(j)~-Fl  ?(0)l},  (11.29) 

where  the  summation  is  first  carried  out  over  the  rotational  levels 
characterized  by  the  quantum  number  J,  then  ever  the  vibrational 
levels  characterized  by  the  quantum  jv,  and,  finally,  ever  the  elec¬ 
tronic  states  of  the  molecule  denoted  by  the  symbol  JL.  In  order  to 
facilitate  the  further  statements,  we  may  denote  the  statistical  sum 
over  the  rotational  levels  of  the  vth  vibrational  state  in  the  ith 
electronic  state  of  the  molecule  by  : 

9 

*mix 

<A>=  v  S  <2/  +  1)  exp  { —  [F™ (J)  —  FcXt (0)]} ,  (n.30) 

and  the  statistical  sum  over  all  rotational  and  vibrational  levels 
the  ith  electronic  state  by  : 

.  *max  Jta»x 

QkIm.xp  —  ~  2  2  (2^  +  I)  exp  {-  £  (C  (V)  +  F?  (J)  -  (0)1  }.  (II.31) 

Then  the  equation  (11.28)  for  Q  may  be  written  dev/n  In  the  form 

^"”22«p{-0-[C+c?  (»)|J  r 1  •  3  2 ) 
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or 


«~  =  2«p 


(H.33) 


The  expression  (11.33)  for  Qvn  is  of  special  interest  when  ap¬ 
proximate  methods  of  calculating  the  thermodynamic  functions  arc  used, 
in  which  the  values  of  „  are  calculated  separately  for  each 

electronic  state,  and  the  obtained  values  are  multiplied  by  exp  j--  — 
and  added  together. 

The  zero  energy  /*£*(<))  ,  the  energy  of  the  lowest  rotational 

level  in  the  ground  state,  which  may  differ  from  zero  in  the  case  of 
diatomic  molecules,  is  introduced  into  the  exponential  c-xpresslono  In 
Eqs.  (11.28)  -  (11.31).  The  value  a  in  these  equations  is  the  number 
of  symmetry,  equal  to  1  in  the  case  of  asymmetric  molecules,  and 
equal  to  2  in  that  of  symmetric  ones. 

It  must  be  noted,  that,  strictly  speaking,  the  Introduction  of 
the  symmetry  number  in  the  case  of  symmetric  molecules  is  a  certain 
approximation.  In  order  to  calculate  accurately  the  statistical  sum 
over  the  Intramolecular  states  of  diatomic  symmetric  molecules  the 


nuclear  spin  must  be  taken  into  account;  this  results  in  a  splitting 

off  of  into  two  independent  sums  according  to  the  even  arid 

v  f  v  r 

odd  rotational  states  with  defferent  statistical  weights  (see  Table 


5).  On  tne  condition,  that  the  interval  between  two  adjacent  rota¬ 


tional  levels  is  small  in  comparison  to  the  value  of  kT  (i.c.,  prac¬ 


tically  for  all  gases  in  the  temperature  range  dealt  with  in  this 
Handbook),  the  statistical  sum  over  the  even  rotational  states  is 
equal  to  the  sum  over  the-  odd  ones,  correct  to  the  statistical  weight 
cowed  Ly  the  nuclear  spit:.* This  fact  makes  it  posslblt  to  s<  parol' 
totall  the  factor  caused  oy  the  nuclear  coin,  and  to  ca  loud  ate 


for  the  symmetric  molecule  by  taking  ore  no  If  of  the  valu'  >f 
calculated  over  all  rotational  states,  i.e. ,  by  assure ! n ■■  0  ~ 

v.  vi* 


Best  Avciilsble  Copy 
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§7.  Method  of  Immediate  Summation 

The  calculation  of  Q<t„  and  by  immediate  summation  oi 

vn  ct 

Eq.  (11.28)  and  (11.29)  and  a  subsequent  substitution  of  the  obt£  Lneri 
values  into  Eqs.  (II. 5)  and  (II. 6)  is  the  most  strict  and  accurate 
method  of  calculating  the  thermodynamic  functions  of  diatomic  gases. 
When  calculating  Qvn,  the  energy  of  each  vibrational  and  rotational 
level  is  calculated  by  the  corresponding  equations  for  G^^(v)  ar.d 
Pyi^(J)>  or  it  Is  given  by  values  taken  immediately  from  the  experi¬ 
mental  data,  whereas  the  summation  over  the  electronic  states  is 
carried  out  by  means  of  the  numerical  values  of  the  excitation  ener¬ 
gy  of  each  electrjnic  state. 

The  method  of  Immediate  summation  was  first  applied  in  1926 
by  Kicks  and  Mitchell  [2066]  for  calculating  the  specific  heat  of 
KC1  up  to  600 °K  according  to  a  suggestion  by  Tolman.  In  1928  Giauque 
and  Wiebe  [1721]  found  an  error  in  the  calculation  of  Hicks  and 
Mitchell  and  corrected  It.  Finally ,  this  method  was  thoroughly  devel¬ 
oped  and  introduced  into  practice  by  1930  through  the  papers  by  Gia¬ 
uque,  Johnston  and  others  [1714,  1721,  1723,  2272,  2278],  and  the 
correctness  of  this  method  was  proved  by  comparison  of  the  calcula¬ 
ted  data  with  data  obtained  by  means  of  special  calorimetric  pre¬ 
cision  measurements. 

The  method  vf  immediate  summation  was  applied  in  the  thirties 
for  calculating  tables  of  tne  thermodynamic  functions  of  a  number  of 
simple  diatomic  gases  up  to  3000-5000°K.  The  summation  over  the  ro¬ 
tational  and  vibrational  levels  of  the  electronic  ground  state  of  the 
molecule  was  broken  off  in  these  calculations  at  such  values  of  the 
quantum  numbers  _v  and  J,  as  the  corresponding  contributions  to  the 
statistical  sum  of  the  states  began  to  disappear.  As  regards  the  ex¬ 
cited  electronic  states  of  the  molecules,  they  were  not  taken  Into 


account  in  these  calculations,  apart  from  rare  exceptions. 

Due  to  the  necessity  of  compiling  tables  of  thermodynamic  gas 
functions  up  to  20, 000-25, 000 3K,  a  series  of  investigations  was  under 
taken  in  recent  years  to  prove  the  method  of  immediate  summation  in 
calculations  within  a  wide  temperature  range.  In  particular,  such 
investigations  were  carried  out  by  Gurvich  and  Yungman  [177],  begin¬ 
ning  with  1957  during  the  preparation  of  this  Handbook.* 

In  1958,  a  paper  by  Baumann  [688]  was  published  in  which  the 
fundamental  principles  of  calculating  the  statistical  sums  over 
intramolecular  states  were  developed,  according  in  principle  witn  the 
points  of  view  stated  in  the  paper  [177]* 

The  calculation  of  Qyn  and  by  Hqs.  (II*  26)  and 

(11.29)  requires  a  great  amount  of  calculating  especially  for  hi  d: 
temperatures.  This  fact,  however,  is  of  no  special  significance  at 
the  present  time  due  to  the  availability  of  high-speed  electronic- 
computers.  Hence,  the  determination  of  the  upper  summati m  limits, 
which  is  especially  important  in  the  case  of  high  temperatures,  is 
the  main  problem  in  calculating  Qvn  for  diatomic  molecules  as  we  12 
as  for  atoms.  As  is  well-known,  the  number  of  rotational  and  v'- 
braticnal  levels  of  a  molecule  is  limited.  The  limit  values  f  _v  vr-d 
-J,  however,  are  not  determined  experimentally,  with  the  except?  •• 

of  some  few  cases.  The  methods  of  calculating  v  and  J  ,  d<  -  ■  *- 

0  max  max 

oped  during  the  preparation  of  this  Handbook,  are  stated  on  par- 
67  and  74. 

The  number  of  electronic  states  of  molecules  may  be  limited  in 
the  same  manner  as  in  the  case  of  atoms,  i.e.,  by  the  a.; sur.pt  i  n  .  1* 
a  finite  volume  occupied  by  each  gas  rc-ltcule  in  spa-.--  .  Due  1  t-  • 


fact,  he -.'ever,  that  only  a  small  part  of  the  possible 


is  stable,  the  determination  of  the  upper  limit  tiK 


oi  mclecules 


statistical  sum  over  the  electronic  states  is,  in  practice,  impos¬ 
sible.  Nevertheless,  this  docs  not  cause  essential  difficulties  and 
errors  in  the  calculation  of  the  thermodynamic  functions  of  diatomic 
gases,  because  the  greatest  part  of  the  excited  electronic  states  of 
molecules  possess  high  energies,  and  tha  contribution  of  these  states 
becomes  Important  only  at  such  temperatures  at  which  the  gas  mole¬ 
cules  are  almost  totally  dissociated  into  atoms.  Moreover,  the  po¬ 
tential  curves  of  the  molecules  show  a  weakly  expressed  minimum  at 
high  electronic  states.  In  these  electronic  states,  the  molecule 
possesses  a  small  number  of  vibrational  and  rotational  energy  lev¬ 
els,  and  the  statistical  sums  over  the  vibrational-rotational  states 
are  small  in  comparison  to  the  value  of  Qj^  vr  for  the  electronic 
ground  state.  Thus,  one  may  confine  oneself  to  the  consideration 
of  states  for  which  v^/T  <£  5-8  (see  page  l8l). 

The  summation  of  the  rotational  levels  of  multiplet  electron 
states  of  diatomic  molecules  becomes  complicated  depending  on  the 
formof  the  expression  which  denotes  the  energy  of  these  levels 

(see  page  7 6).  The  corresponding  constants  of  the  multiplet  splitting, 
however,  are  not  always  determined  experimentally.  Moreover,  the"  are 
sufficiently  small  In  a  number  of  cases;  the  summation  over  J  Is  then 
carried  out  in  the  same  number  as  in  the  case  of  *2  states,  and  the 
multiplicity  as  well  as  the  A  doubling  (if  It  takes  place)  are  taken 
into  account  by  the  introduction  of  an  appropriate  statistical  weight 
(see  Table  7). 

The  calculations  of  the  thermodynamic  functions  of  diatomic 
gases  based  on  the  calculation  of  the  statistical  sums  over  the  intra¬ 
molecular  states  and  of  their  derivatives  with  respect  to  the  temper¬ 
ature  by  the  method  of  immediate  summation,  are  carried  out  with  the 
aid  of  equations  similar  to  those  cited  for  the  monatomic  gas: 
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(11.34) 


0r-0«-H I>Lc»  -*  In  Q.«  +  11.439S0  IgT  +  iU. 

[in 

where  Qvn  and  7-^L  are  found  by  Eqs.  (11.28)  and  (11.29),  and 

and  Ag  by  Eqs.  (II. 10)  and  (II. 11). 

The  approximate  calculation  methods  stated  In  §10  may  be  used 

to  calculate  Q,  ,  of  electronic  states  which  have  sufficiently 
koI. vr 

high  excitation  energies. 

Example. Let  us  consider  the  calculation  of  the  thermodynamic 
functions  of  diatomic  nitrogen  N2  at  a  temperature  of  10,000°K  by  the 
method  of  immediate  summation.  According  to  the  data  of  Table  92, 
the  electronic  states  with  excitation  energies  up  to  75,000  err”* 
must  be  taken  into  account  i  the  calculation  of  the  thermodynamic 
functions  of  NQ  at  10,000°K. 

At  a  temperature  of  10,000°K,  almost  all  nitrogen  molecules  are 
distributed  among  the  levels  of  the  ground  state  X^Z+  and  the  two 

o 

first  excited  states  and  B^n  .  Assuming  the  values  of  the  mo- 

U  o 

lecular  constants  of  N2,  quoted  in  Table  92,  and  limiting  the  summa¬ 
tion  over  J  by  values  of  J  obtained  for  each  vibrational  level  of 

ms  x 

these  states  with  the  aid  of  the  method  stated  in  §3  (see  Fig.  12), 
we  find  that 

Q&..P  =  13253,8;  T  ^  Q^..P  =  25797,4;  Q(/«Lp  exp  (—  49755,5  = 

=  26.3;  T  ^[Qic'iU.exp  (-  49756,5  £)]  =  275.4;  Q^.p  exp  (-  59271,3  ~)  = 

-  67,7;  T±  [q!5U  exp  (-  59271,3  g-)]  =  605,4. 

The  multiplicity  of  the  states  A^Z  and  B^.l  was  considered  xn  the  va¬ 
lues  of  by  statistical  weights  equal  to  3  and  6,  respectively. 

iCO  vr 

Let  us  denote 


11.43960  \gT  +  As,  (II. 35) 
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y  —  U.  evn  (  *LvM1U  n<B>  e»nL  h.  JB' 

^  —  VtcoA.ap  +  Vcxojt.ap  ^^"*£7*  ^00  J  *  Vk0*.»p“*P5^  ^7*  *00  J  » 

we  then  have:  2  =  13360.8;  log  2  =  4.12583,  and  R  In  2  =  18.8791 
cal/mole-degree.  Adding  a  correction  for  the  higher  excited  electro¬ 
nic  states,  calculated  by  the  equations  discussed  in  §10  and  equal 
to  0.0006  cal/mole-degree,  v/e  obtain  $  =  18.8797  cal/mole-degree. 

For  the  entropy  we  have:  T~  =  26678.2;  ~~  •  ~  =  3. 9681  cal/ 

mole-degree;  the  correction  for  the  higher  states  is  equal  to 

0.0060  cal/mole-degree.  Finally,  fly  ain<?»«  =  3.9741  cal/mole-degree. 

dT 

For  T  -  10,000°K  and  M  =  28.016,  v/e  have  $p0St  =  47.0320  cal/mole- 
•degree;  S°post  =  52.0002  cal/mole -degree  (A$  =  1. 27363,  Ag  =  6.24183) 
and  *?*0  00Q  =  65.9117  cal/mole-degree,  S°1Q  00Q  =  7^.8540  cal/mole- 
•degree. 

§8.  Approximate  Methods  of  Calculating  the  Vibrational  Rotational 
Components  of  Thermodynamic  Functions. 

The  calculation  of  the  statistical  sum  over  the  intramolecular 
states  and  of  its  derivatives  with  respect  to  the  temperature  by 
immediate  summation  over  the  energy  levels  of  the  molecule  is  the  most 
accurate  method  of  ca3  :ulation,  free  from  any  assumptions  and  sup¬ 
positions.  The  application  of  this  method  for  calculating  the  tables 
of  thermodynamic  functions  within  a  wide  temperature  range,  has,  up 
to  the  present,  met  with  a  number  of  important  difficulties  in  prac¬ 
tice  due  to  the  great  amount  of  calculations  requiring  the  summation 
of  tens,  hundreds,  and  even  thousands  of  addends.*  In  order  to  meet 
this  difficulty,  various  approximate  methods  of  calculations  based  on 
certain  assumptions  were  developed  in  a  series  of  papers;  in  these 
methods  the  sums  in  Eqs.  (11.28)  and  (11.29)  and  the  appropriate  com- 
pcuente  in  the  values  of  and  S  ,p  are  substituted  by  simple  expli¬ 
cit  functions  of  the  temperature  and  molecular  constants;  the  func¬ 
tions  may  be  calculated  either  immediately  or  found  It.  auxiliary 
tables.  The  main  part  of  the  calculating  work  when  ealoulatlrg  the r- 
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modynamic  gas  functions  is  connected  with  the  calculation  of  the 
statistical  sums  over  the  ibrational  and  rotational  states*,  there¬ 
fore  the  approximate  methods  differ  from  each  other  in  their  method 
of  calculating  Qkol>vr- 

Due  to  the  fact  that  the  approximate  methods  were  at  first  de¬ 
fined  for  the  calculation  of  thermodynamic  gas  functions  at  low  and 
medium  temperatures,  the  existence  of  excited  electronic  states  was 
not  taken  into  account  in  these  methods,  i.e.,  it  was  assumed  that 

Q  „  =  q£>  ,  ,  where  Q,iX)  is  the  statistical  sum  over  the  vibra- 
vn  kol.vr  kol.vr 

tional  and  rotational  states  of  tne  electronic  ground  state  of  ti.c 
molecule.  This  means  that  the  Intramolecular  components  of  the  thex’- 
modynamic  gas  functions  are  equal  to  the  vibrational-rotational  com¬ 
ponents  of  the  ground  state: 

:  Osh  —  R  In  Qkoh.sp  ®  ^uo *.*p» 

Sun  —  R  In  QkS«.»p'V'  RT In  Q>t2i.sp—  Sko«.»j>  • 

An  appreciation  of  the  excited  electronic  states  may  be  obtained  in 

this  case,  if  necessary,  by  the  introduction  of  appropriate  corner- 

* 

tions  into  the  values  of  $vn  and  Svn- 

In  the  preparation  of  this  Handbook,  methods  for  calculating 
the  corrections  were  developed  which,  by  means  of  approximate  methods, 
take  into  account  the  existence  of  excited  electronic  states  of  r.j- 
lecules  in  the  calculation  of  thermodynamic  functions.  These  irelh-.ds 
will  be  dealt  w ith  after  the  approximate  methods  of  calculating  the 
statistical  sum  over  the  vibrational  and  rotational  states  of  a  sin¬ 


gle  electronic  state  of  the  molecule,  and  after  the  calculation  of 

the  corresponding  values  in  and  S0^,  have  been  discussed. 

It  must  be  noted  that  the  equations  for  ealculati:*-  Q.  , 

k-'i.vr  am. 


"K 

of  the  corresponding  values  in  <5^  and  S  are  differ#.1  l  >■  ihr 


the  type  oa  the  electronic  state  of  the  molecule.  Hence,  the  ap¬ 
proximate  methods  of  calculating  Qkol<vr>  ®koi.vr*  and  Skol.vr  for 
gas  molecules  in  the  12  state  will  be  stated  first,  and  then  (see 
pc ge  167)  the  correlations  will  follow  which  make  it  possible  to  cal¬ 
culate  these  values  for  other  types  of  electronic  states. 

The  Method  by  Glaugue  and  Overstreet.  The  most  laborious  part 
in  calculating  the  statistical  sum  over  the  intramolecular  states 
and  its  derivative  with  respect  to  the  temperature  by  method  of  im¬ 
mediate  summation  is  the  assumation  of  the  levels  of  the  rotational 
energy.  In  order  to  avoid  this  operation,  Glauque  and  Overstreet 
[1718]  transformed  the  sum  of  the  rotational  energies  by  expansion 
into  a  series  of  exponential  expressions  exp  (J  +  1)* j ,  and 

exp  {—  ~ HJ*  (J  +  1)3J  .  Using  the  approximate  Euler-Maclaurin  for¬ 

mula  for  the  substitution  of  the  addition  by  integration,  and  as¬ 
suming  Jmax  =  Giauque  and  Overstreet  obtained  expressions  for  the 
statistical  sum  Q»  yr  over  the  rotational  states  and  of  its  deriva 
tive  which  are  explicite  functions  of  the  rotational  constants  of 
the  gas  molecules: 


<£.p  =  -f  S  +  I)  exp  {-£  IB.  J  (J  +  1) -D.  J*  (J  +  I)*  +  (J  +  1)’J  }  = 
-£(h -^+4,.+ (11-36) 


where 


fr(l  +  2d.+9dl+3f.+  . .  . 


kT 

*•-  hcB,  ' 
A  n 


(11-37) 
(II. 38) 
(II.  39) 
(llJ'O) 


Ti;.;  values  of  Qy<vr  and  T^-Qw 


calculated  by  .tqs.  (II. 30) 


and  (11.37)  for  each  vibrational  state  _v,  are  multiplied  by 
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exp  j~ 0'0 (t.) j  when  summation  is  carried  out  over  _v.  Thus,  the 
statistical  cum  over  the  vibrational  and  rotational  states  of  the  ijtn 
electronic  state  and  of  the  derivative  of  the  sum  assume  the  form 

=  SexP  [  Go*  (t>)J  •  (II.  4 1 ) 

=2«xP  [-*7-  a"‘  <»>][#■  <*»<«  +  r  A  q':£  ]  ■  (II.  42) 

The  transformation  of  the  statistical  sum  over  the  rotational 
states,  based  on  the  substitution  of  integration  for  summation  and 
on  the  assumption  of  J  =  »,  is  very  imoortant,  and  is  used  in  all 

fHaX 

approximate  methods  of  calculating  thermodynamic  gas  functions. 

Brounshteyn  [102,104]  investigated  che  properties  of  this  trans¬ 
formation,  and  obtained  an  expression  for  Q*  of  a  more  general 
form,  assuming  an  equation  with  three  constants  (Bv,  Dy  and  Hv)  for 
the  rotational  energy  Py(J)  of  the  molecule: 

<KV=^[l  +^-+Aj+_i_+...+<,>  + 

+34+/,+  l(W./.+  ...+-g±gL4;/„"  j.  (n.43) 

In  paper  [102]  an  expression  for  the  general  term  in  an  equation  of 
the  type  of  (11.43)  was  also  obtained  for  the  case  when  terms  pro¬ 
portional  to  higher  powers  of  J(J  +  l)  up  to  PkaJk  (J  -r  1)"  are  taken 
into  account  in  Eq.  (1.15)  for  the  energy  of  rotational  levels. 

Partial  expressions  for  Q*  obtained  earlier  by  various  au¬ 
thors,  including  Giauque  and  Overstreet  [1718],  Johnston  and  Davis 
[2274],  Woolley  [4322],  Kassel  [2333]  and  others  (see  [107])  may 
easily  be  derived  from  the  formula  (11.43). 

It  must  be  noted  that  the  number  of  terms  in  the  expression 
(11.43)  for  Q*  vr  cannot  be  chosen  arbitrarily  high,  because  gener¬ 
ally  the  series  (11.43)  is  divergent.  At  first  the  terms  f  the  se¬ 
ries  decrease  up  to  a  certain  limit  value  n  when  _r  ■  ncrearu  s.  At 


n  npr-’  t^ie  cerms  of  the  series  begin  to  increas-;  with  increasing 
n.  It  v/ as  shown  in  the  paper  by  Brounshteyn  [104]  that  for  F0(J)  ** 

—  BJ  ( J  !)  — DJ*  (J  +  1)*  +  fit J*  ( J  4-  1)J  the  values  cl*  n  may  be  found 

r 

by  the  formula 

_  3 80H,  +  D,  (VdI  +  MuHu  -  Do) 

'•np  -  —  —  -  — -  • 

9HSo  (°.  +  + 

The  fundamental  errors  in  calculating  thermodynamic  functions  of 
gases  by  the  method  of  Giauque  and  Overstreet  are  caused  by  the  fact 
that  the  relations  (II. 36)  and  (11.37)  are  obtained  under  the  con¬ 
dition  J  „  =  °°.  This  simplification  does  not  cause  errors  at  low 
max 

and  moderate  temperatures  when  the  values  of  exp  j  —  Fe (J) j  ,  which 
correspond  to  high  values  of  J,  are  negligible.  At  high  temperatures, 
however,  when  the  contribution  of  these  levels  becomes  important,  it 
may  cause  significant  errors  (see  Table  9-10).  Particularly,  it 
causes  an  increase  of  each  term  of  the  series  (11.43)  at  n  >  npr. 

It  is  evident  that  the  limits  of  the  applicability  of  the 
method  depend  not  only  on  the  temperature  at  which  the  calculation 
is  carried  out,  but  also  on  the  v'.iues  of  the  rotational  constants 
of  the  gas  molecules. 

Using  the  approximate  relation 

Go(v)  +  F0(J)<  D0, 

v/here  DQ  is  the  dissociation  energy  of  the  molecule  in  the  given 
electronic  state,  Brounshteyn  [102]  derived  formulas  for  calculat¬ 
ing  the  statistical  sum  of  the  rotational  states  and  of  its  deriva¬ 
tive  with  respect  to  the  temperature,  taking  into  account  a  finite 
number  of  rotational  states: 

‘  4  Q...P-Q?.P-7«p{-^lDo-Co(o)]},  •  (H.44) 

Q,.mp  =  QZ>-k  +  gdDo  -  <?0(t,)j}.l’exp{-g; fDj> — Go(y)]j  (II.  45) 
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The  substitution  of  the  calculation  of  Qy  vr  by  the  values  of  the 
rotational  constants  of  the  gas  molecules  for  the  immediate  summa- 
t  on  over  the  levels  of  rotational  energy  in  the  Giauque-Overstreet 
method  resulted  in  an  essential  decrease  in  the  amount  of  calcula¬ 
tions  in  determining  the  statistical  sums  and  the  thermodynamic  gas 
functions.  The  inevitable  summation  over  the  vibrationai  energy  lev¬ 
els  in  this  method,  however,  also  limits  essentia^  ./  its  applicabi¬ 
lity.  as  the  diatomic  molecules  generally  possess  some  tens  and  some¬ 
times  more  ~ aan  10U  vibrational  levels  which  must  be  taken  into 
account  for  high  temperatures  in  the  sums  (II. 4l)  ana  (11.42). 

Therefore,  methods  of  a  sort  are  required,  which  would  make 
possible  a  total  avoidance  of  the  summations  over  the  energy  levels 
in  calculating  statistical  sums  over  the  vibrational  and  rotational 

states  of  molecules,  and  which  would  make  possible  the  calculation 

* 

of  the  corresponding  components  in  the  values  of  and  of  dia¬ 

tomic  gases  as  simple  functions  of  the  molecular  constants  and  of  the 
temperature.  Such  methods  were  proposed  by  Gordon  and  Barnes.  Kassel, 
and  some  other  a  ithors. 

Method  of  Gordon  and  Barnes.  The  method  of  Gordon  and  Barnes, 

developed  in  1931  [3814],  is  the  most  important  approximate  method  for 

*■  .  . . 

the  calculation  of  ^  vr  and  S,_ol  vr.  The  expression  (II. 36)  b- 

tained  by  Giauque  and  Overstreet  is  used  in  this  method  for  the  sta¬ 
tistical  sum  over  the  rotational  states  of  diatomic  molecules,  ana 
the  determination  of  ;  series  of  values  by  means  of  auxiliary  table.., 
compiled  by  Gordon  and  Barnes,  is  substituted  for  the  summation  over 

v  Eqs.  (II.36)  and  (11.37)  The  appropriate  equations  for  ealculet- 
* 


in.-  ,  and  S,  ,  were  obtained  01  the  basis  of 
-  Kcl.vr  Koi. \ r 

tier.;:  and  assumptions  which  arc  stated  to  low. 

Cf  v:c  assume  man  'he  dependence  of  the  rotation' 


the  ’  *-nnsf  >rina- 


1  oei.sn:  t  B, 
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on  the  quantuir.  number  _v  (see  page  70)  may  be  represented  by  Bv  = 

=  Br,  ~  a^v  (which  is  sufficiently  accurate  in  the  majority  of  cases), 
the  value  of  qv  (see (II. 38))  in  the  statistical  sum  over  the  ro¬ 


tational  states  may  be  written  down  in  the  form 


—  Qt  (1  4*  Pi»  4-  pau*). 


(11.46) 


where 


■  .  &T  o  _  -  o  _  (*,Y 


Neglecting  in  the  Giauque-Overstreet  Eq.  (II  36)  the  dependence 

of  l/3q  ,  d  ,  and  f  on  v,  the  expression  for  Q,°°  ,  may  be  repre- 

~v  v  v  —  K01 « vr 

sented  as  follows: 


ft  ^  +-  3%  +  40  +  ‘3d?  +7a) •  2  exP  [“  Go  (»)]  (1  +  pao  +  3,0*).  (II .  47) 


Introducing  the  denotations 


Qkoa  =  2  exp  [-  £  G0  (v)]  , 

D=0 

-  r  A/*  1 

•  2  »«p[-Brc„M], 

»=*0 


(11.48) 

(11.49) 


(11.50) 


the  equation  (11.27)  may  be  transformed  into 

<£U..p  =  -§-  <?o(l  +  ^  +  4*  +  3d8+W(*-r  .V  +  3a°®)  Q«oji-  (11.51) 

Assuming  4- and  ^-4*  d0  4-  3d5  4*  /#<<  I  ,  and  logarith- 

minj  the  expression  (II. 51),  Gordon  and  Barnes  obtained  the  following 

* 

equations  for  the  rotational-vibrational  components  of  ^  and  S\j, : 

(ll.  5 

^Koji.tp  =  R  (In  QKoa  4*  In  q0  4*  4-  Btv  +  paP  4-  d9  4*  2,5ds  4 -  /0 —  In  o), 

5*o*. »p  =  ^ 4*  In <7o  4" 4  4"  PiS  4*  P*5* 4*  2J0  4-  7,54*  +  3/#  —  In  ,  (II.  53 
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where 


=  in  <?,o„  +T£r  In  Qko,. 

S  =  y-f  T  —  , 

?=>  +  rS-. 


(11.54) 

(11.55) 

(11.56) 


In  order  to  calculate  the  values  of  In  Q.  S.  ,  /R;  y,  tJ*  s,  s* 

iC'.'i  KOI 

— P 

and  s  ,  Gordon  and  Barnes  assumed  that  the  vibrational  energy  f  a 
diatomic  molecule  is  described  by  the  binomial  equation  (1. 10) 

Gt  (0)  =  <a8y  —  =  <aay  —  oi«x,w*  =  <0,  (1  —  x)  v  —  w^y*. 

where 


kol/R’ 

0,  y*.  s  and 

irrg  two 

parsmetess  :* 

kc 

w  u>*, 

H 

II 

»el: 

• 

Gordon  and  Barnes  compiled  tables  of  these  six  quantities  for  U  ■. 
values  0,025  with  steps  of  x  having  a  size  oi  c.  00'  -  and  for 

the  values  0,6  <-£-<6,0  with  grades  of  q/T  having  a  sizf  ,g  v.  I 
up  to  2.0,  and  of  0.2  from  2.C  00  6.0.**  The  upper  li:  it  in  the  s>..'  s 
over  jv  becomes  automatically  equal  to 

«  _ J _ (11. 5.) 

V.H«  -  v  2  ZX  2 

v  e 

(see  page  65)  when  the  tables  are  calculated  corresp  -r  sing  to  *  !,■ 

assumed  form  of  the  expression  for  Gq(v).  It  must  br  ■.  tea  tic--  '  he 

_2  —  —  o 

values  of  v,  v  ,  s,  and  s“  are  given  immediately  in  tin  a  axil  lor. 
tables  compiled  by  Gordon  and  Barnes.  At  th.  same  t:-  .  a. 

of  In  Q.,.  t  and  Sj_o^/R  nuvt  b*.  found  with  u-  aid  of  u  ‘at  *•  i 
intcx*polation  as  the  sum  f  two  components.  In  the  i  -  '  -l. :  . 
vi,J  i3  of  Q,  (cr  S,.  ,/R)  arc  quoted  as  a  f  metier.  ■  ’  /T  -x 

sCQl  r*Oi 
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i.e.,  the  values  of  the  these  magnitudes  for  the  harmonic  oscillator 
arc  given  (see  page  165);  in  the  other  table,  the  values  of  A  In  Quo* 

(or  £lSk<>JR.  )*  being  differences  between  the  values  of  In  Qlcol  (or 
Skol//R’  respectively),  are  quoted  for  a  given  value  of  @/T  and  x  =  x 
and  x  =  0. * 

Developing  the  Eqs.  (11.52)  and  (IT  53),  Gordon  and  Barnes  made 
a  number  of  assumptions  which  may  effect  the  accuracy  of  the  calcu¬ 
lated  thermodynamic  functions.  Some  of  these  simplications  are  un¬ 
necessary  for  the  method,  and  may  be  disregarded  (especially  in 
calculations  for  high  temperatures)  if  the  corresponding  molecular 
constants  are  well-known.  Thus,  the  second  constant  of  the  interaction 
in  Eq.  (l.  16),  i.e.,  the  constant  a2,  may  be  taken  into  account  in 
the  expression  for  qy;  the  formulas  for  the  calculation  of  qQ  and 
3^  in  Eq.  (11.46)  remain  unchanged  in  this  case,  whereas  32  may  be 
found  by  the  equation 

(11.58) 

2 

In  a  similar  manner,  the  dependence  of  the  values  of  dy  and  dy 
on  the  quantum  number  jv  may  be  taken  into  account, etc.  In  the  deri¬ 
vation  of  Eqs.  (II.52)  and  (11.53)  Gordon  and  Barnes  expanded  the 
expressions  In  (1  -f-  -f  pa5*)  and  In  (I  +  ~  -r  <*0  +  3dS  +  /«)  in  series, 
discontinuing  the  latter  after  the  first  terms. 

In  cases  when  the  values  in  parentheses  tend  to  unity,  i.e.,  at 
high  temperatures,  the  subsequent  terms  of  the  corresponding  series 
must  be  taken  into  account  In  Eqs.  (11.52)  and  (II.53)>  or,  the  val¬ 
ues  of  3x0  + ?a»*  and  3^+^«  +  34  +  /«  in  these  equations  must  be 

substituted  by  In  (1  +  ^  and  In  +  3^  +  d*  +  +  /•)  * 

Assumptions  over  the  form  of  the  dependence  of  the  molecular 
vibrational  energy  on  the  values  of  the  quantum  number  _v,  and  over 
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the  upper  limit  of  the  quantum  number  J,  which  -  as  we 1 1  as  in  the 
Giauque-Overstreet  method  -  is  assumed  to  be  infinite,  are  a  much 
more  essential  simplif ication.  An  approximate  limitation  of  the  num¬ 
ber  of  rotational  states  of  the  gas  molecules  may  be  carried  out  in 
the  calculations  according  to  the  Gordon-Barnes  method,  as  well  as  in 
the  Giauque-Overstreet  method,  by  means  of  the  equations  (11.44)  and 

(11.45),  proposed  by  Brounsht.cyn  (see  [102]).  The  appropriate  cor- 

* 

rections  for  the  values  of  $>vr  ^  ^  and  Skol  yr>,  obtained  by  substi¬ 
tution  of  these  relations  into  Eqs.  (II. 52)  and  (II. 53)  have  the 


form 


where 


tfln  (l-o). 


*  >"  o-«)  +*r=z(Tw,ne^.r- 1  -£d„). 


»p 


(11.59) 

(11.60) 


(II.61) 


w  — -  H-  It.  °m»»  (*  +  pm.«>  l1  +  ^nut)  j  (H  .  6 2  ) 


Qmi.  sp  —  exp  (Okoju  „/*). 

7*  jy  In  Qko.i.  .p  =  T  (£?m.  ap  —  m.  ap)  » 


(11.64) 


the  sign  *>  means  that  the  cc.- responding  values  are  calculated  for 

J  as  ao. 

max 

The  insertion  of  corrections  in  the  Gordon-Barnes  method,  whi.-h 

makes  it  possible  to  use  the  values  of  vibrational  constants  in 

equations  of  third  and  higher  power  of  the  vibrational  energy  of  the 

molecule  (the  second  and  subsequent  anharmor.lcity  constants 

,o  s  etc.),  and  also  to  consider  the  difference  between  the  value  f 
e  e 

v  and  1  —  1  ,  is  a  more  difficult  problem  that  rcei»  Ires  an  - 

max  s  2“ 

portant  complication  of  this  method. 


Relations  (see  pagel6l)  which  permit  an  estimation  of  the  error 
in  the  values  of  the  thermodynamic  functions  of  gases  caused  by  the 
assumption  of  a  binomial  expression  for  the  energy  of  the  vibrational 
levels  are  given  below.* The  corresponding  errors  do  not  exceed,  gen¬ 
erally,  the  total  errors  of  the  method;  thus,  it  is  not  expedient  to 
introduce  the  mentioned  corrections  into  the  calculations. 

* 

Example.  Let  us  examine  the  calculation  of  the  values  of  4>,  , 
and  Skol  vr  for  the  ground  state  of  the  diatomic  nitrogen  Ng 

by  the  method  of  Gordon  and  Barnes  for  the  temperatures  of  5000  and 
10,000°K.  According  to  the  values  of  the  molecular  constants  of  this 
state,  quoted  in  Table  92,  we  have  B ;  x  =  0.0063346; 
q0  =  0.34931-T;  ^  =  0.008589;  fig  =  0.000096884;  dQ  =  2. 11- 10“6-T; 

i  ^  0.9S42S  and  f  =  „2.1*10_12'T2. 

3q»  T  '  0 

For  5000 *K  6  m  0.678946;  qn  =  1746.6;  dn  =  0.0106;  1  =  0.0002; 

*  35; 

fQ  =  -0.0001.  The  values  of  In  Q}col  =  0.7076  +  O.OI89  =  O.7265,  and 
Skol/R  =  1.4062  +  0.0403  =  1.4465  are  calculated  as  the  sums  of  two 
components,  one  of  which  is  found  by  means  of  the  Tables  of  the  va¬ 
lues  of  /R  and  S_  /R  as  a  function  of  9/T ,  and  the  other  by 
means  of  the  tables  cf  the  values  of  A  In  Qj^  and  ASj^/R  as  a  func¬ 
tion  of  S/T  and  x.  The  values  v  =  1.090;  &  =  3,57;  s  —  2,;ir?  ;  s  -  12.21 

are  found  in  the  Tables  ol  those  values  as  a  function  of  -/T  and  x. 
Substituting  all  the  mentioned  values  into  Eqs.  (II. 52)  and  (II  53) 
and  considering  that  the  symmetry  number  a  =  2  for  Ng,  we  obtain  for 
5000 °K 

a>^».  ,p  =  1.98726  (0,7265  +  7,4654  -f  0,0002  +  0,0094  -f  0,0003  +  0,0106  +  0,0003  - 
—  0,0001—  0,6931)  =  14,9432 


S« 1.98726  (1,4465  +  7,4654  +  1  +  0,0228  +  0,0012  +  0,0211  +  0.0003  - 
—  0,0003  —  0,6931)  =  18,4104  c,t 


_  1  c;c,  _ 


For  10,000°K  we  have:  e/s  =  0.339473;  qQ  =  3493-1;  dQ  =  0.0211; 

l/3qQ  “  0-000°;  =  “0.0002.  On  the  basis  of  the  values  of  '/£  and 

x,  we  find  In  Qkol  =  1.2453  +  0.0416  =  1.2869;  Sko]/R  =  2.0852  +  0.0896 

=  2.1748;  0  ■»  2,755,  t/  =*  19,29;  s  —  6,337 5*  —  6d,07  in  the  same  manner  as 

it  was  made  for  5°00°K.  Finally,  we  obtain  for  10,000CK 

0>Li..p  *  1,98726  (1,2868  +  8,1585  +  0,0000  +  0,0237  +  0.0019  +  0.0211  +  0,0011  — 

—  0,0002  —  0,6931)  *=  17,4875  cal/mole  •degree 

..  Sm.  w  -  1,98726  (2,1748  +8,1585+  1-1-  0,0544  +  0,0066  +  0,0422  +  0,0033  — 

*  “*  0,0006  —  0,6931) i!s  0,1,3552  cal/mole ‘degree 

In  order  to  calculate  the  corrections  for  J _  by  Eqs.  (II. 59) 

max  ^  ' 

and  (11.60),  we  find  vmax  =  78,  and  DQ  =  91*942.  Thus  l  +  qnax  + 

1  (t t20^,  =  121,084  -  According  to  Eq.  (ll.6l), 

a  =  0.00000  at  5°00°K  and  0.00006  at  10,000°K.  Thus,  the  contribution 

of  the  rotational  states  with  J  >  J___  to  the  values  of  the  thermo- 

max 

dynamical  functions  is  negligible;  at  10, 000 °K  we  have  R  In  (1  a)  — 

—  —  0,0002  ca  1/mole  -  degree  and  R  (In  (1  —  a)  +  (r  ~  In  »p—  1  —jf  D0)l  = 
-a  — 0.0016  cal/mole.  degree. 

The  Kassel  Method.  In  contrast  to  the  Gordon-Barnes  method,  the 
calculations  of  the  thermodynamic  gas  functions  do  not  require  aux¬ 
iliary  tables  In  the  Kassel  method,  as  we  as  in  the  similar  Mayer 
and  Goeppert-Mayer  methods.  The  equations  for  calculating  the  thermo¬ 
dynamic  functions  of  diatomic  gases  by  the  Kassel  method  may  be  ob¬ 
tained  (see  [2333])*  assuming  for  Q-"  an  expression  similar  t  > 

that  oroposed  by  Giauque  and  Overstreet,  representing  its  dependence 
on  v  as  a  polynomial  ,  and  expanding  the  function 

exp^Cu^o*  —  «a*2gt>* . .  .)J  in  the  sum  (II. 4l)  into  a  Taylor  ser¬ 

ies.  Multiplying  the  corresponding  sums  and  grouping  the  similar  t>  n\;-. 
Kassel  . Stained  the  following  expression  for  the  statistical  sun  over 
the  vibrational  and  rotational  states: 
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(II.65) 

In  this  expression  qQ  and  2  have  the  same  meaning  as  in  the  fore¬ 
going  Divisions; 


where 


2M< 


i4/=  2  CJ7-*. 


(11.66) 


are  the  coefficients  of  the  expansion  of  the  function  exp JJjr (»**«»*- 


into  a  Taylor  series,  i.e.,  CQ  *  1; 


— " _ >J. 

O’  Ci~  -gf&oXoi  C»  —  64  =  ir®*2*  *2* IjtT **•*•)  *  *  *  * 


Ti[l  +  ^+4i  +  3dS  +  /s]  +  +  T/-*4» 

where  are  the  coefficients  of  the  polynomial  "fi~  ~ 

"Vq  —  1  i  =  gi  »  « •  ♦ »  =  *1"  ®  »  fp  *  3 djjy*  and  s  —  0/Dq; 

[0  and  Dq  are  constants  of  Eq.  (I. l6)j. 

The  second  cofactor  in  the  sum  (11.66)  is  a  polynomial  of  po¬ 
wers  of  v: 


//  0  *)  2  (11 67) 

where 

2  =  exp(-~®,).  (IIv68) 

Very  cumbersome  expressions  result  when  one  calculates  the  sum 
over  v  with  a  finite  upper  limit  according  to  Eq.  (II. 67).  The  prob¬ 
lem  of  the  upper  limit  in  this  sum  was  Insignificant  in  calculations 
for  the  moderate  temperatures  which  interested  the  Investigators  of 

the  Thirties.  According  to  this,  Kassel  assumed  that  v  =  <»,  and 

max 

he  obtained  equations  for  the  calculation  of  the  values  of  f.  and 

•J 


T~ft  for  0  <  ,j  <  8  as  a  function  of  z 

<jT  *  —  — 
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On  the  basis  of  Eq.  (II. 65)  the  following  expression  for  the 
vibrational-rotational  components  in  <f£  and  S°T  are  obtained; 


4>lo^P  =  Un  ?o  —  In  o  —  In  (1  —  2) -f  hi  o  j, 

*=  [in  flo  + 1  —  ina  —  in  (1  —  2)  —  In  (i  —  2)  +  In  a  -f  T  ^  In  aj . 

where 


(11.69) 
(II.  70) 


•  /-a  /» 0 

expressions  for  T  ,  however,  which,  as  well  as  those  for  At, 

O 

have  a  complex  general  form,  may  be  obtained  in  each  concrete  case. 

It  must  be  noted  that  the  number  of  terms  in  the  sum  (11.66) 

depends  on  the  temperature,  for  which  the  calculation  is  carried  out, 

and  on  the  values  of  the  molecular  constants;  at  high  temperatures, 

the  terms  with  j  =  4-6  are  comparable  with  the  terms  with  j  =  0,  1  and 

2.  The  method  by  Godnev  [155]  (lc  <  2,  .1  <  6)  and  the  methods  by  Mayer 
and  by  Goeppert-Mayer  [285]  (k  <  ‘S,  j  <  <)  are  particular  cases  of  the 
Kassel  method. 

In  comparison  to  the  Gordon-Barnes  method,  the  method  in  ques¬ 
tion  possesses  the  advantage  of  allowing  one  to  take  into  account 
any  number  of  anharmonicity  and  interaction  constants  of  the  gas  mo¬ 
lecules  in  the  calculations,  i.e.,  to  use  more  accurate  equations  for 
’.heir  vibrational  and  rotational  energy.  This  advantage,  however,  wi.i:u 
plays  an  important  role  in  calculations  for  high  temperatures,  is 


not  utilised  in  the  Kassel  method  due  to  the  fact  that  the  upper  Li¬ 


mit  in  the  sums  over  v  is  assumed  as  infinite.  In  principle,  the 
last  fact  invalidates  this  method  for  high-temperature  calculate  >ns 
and,  particularly,  it  makes  inexpedient  the  introduction  of  correc¬ 


tions  for  the  limited  number  of  rotational  le-els  into  Eqs.  (II. 69) 
and  (II.70)  by  means  of  Eqs.  (11.59)  ana  (II. 60).  Another  essential 
disadvantage  is  the  highly  laborious  calculations  .  r  tit  •  s  .s' 


(J 


1 

| 

| 

I 

I 


A.. 


and  of  their  derivatives. 


} 


The  I-.^yer  and  the  Qoeppertr-Mayer  method.  The  method  in  question, 
being,  as  has  been  noted  above,  a  special  adaption  of  the  Kassel  me¬ 
thod,  was  first  proposed  in  the  book  by  Mayer  and  Goeppert-Mayer 
[285].  This  method  is  widely  used  in  ca  culating  thermodinamical  func¬ 
tions  of  gases  in  foreign  literature  published  in  the  last  10-15  years. 

The  method  is  based  on  the  assumption  that  the  levels  of  the  vi¬ 
brational  and  rotational  energy  of  a  diatomic  molecule  may  be  des¬ 
cribed  with  sufficient  accuracy  by  binomial  equations  of  the  type 
6  (o)=  ae  ( v  +  Vj)  —  <o,xt  (0  +  V,)*  a  nd  F»  (J)  =  I Be  —  ax  (o  -f  X/«)J  J  {J  +  1)  — 

_ 1)*  f  assuming  that  the  constants  and  are  connected 

with  the  values  of  the  three  other  constants  co  ,  o>  x  and  B  by 

e  e  e  e 

simple  relations  (see  page  86,  Eqs.  (II. 38)  and  (II. 36)).  In  this 

case,  the  statistical  sum  over  the  vibrational  and  rotational  states 

may  be  transformed  (under  the  condition  that  vm„v  =  *»  and  J  «)  into 

max  max  . 

QZm.  .p  -  -~“5j  [ 1  +  ak + d°  +  <?3T) +  ]  ’  ( 1 1  •  7 1 ) 

«X  he 

where  x  ~  ,  u  =  v  and  v  =  AGy,  =  —  2a>tXt  is  the  fundamental 

frequency  of  the  gas  olecule. 

On  the  basis  of  Eq.  (II. 71),  the  equation  for  calculating  the 

# 

vibrational-rotational  components  in  and  S°T  may  be  written  down 
as  follows: 


<D«o*.»p  =  ^[ln^  —  Inc  —  In  <1  —  r*)  +  +  +  + 

1  -in«y--!n(I— r'-)  +  2t/0-7^rln(I -O  + 


_i — 3  ^ 3  4-  . 


(II.  73) 


Mayer  and  Goeppert-Mayer  transformed  the  equations  (II. 72)  ^nd 

\ 

(II.73)  by  expanding  the  exponents  of  the  trinomial  4- — — 

into  a  Taylor  series  and  by  assuming  the  Eqs.  (I. 36)  and  (I, 38)  for 
and  De?  they  obtained 
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tiioA.  *  =  *[ln<,— U10— ln(l  -«-“)  +  3^-ra-J(2T  +  6TV.xV.  +  2*)  + 

+  0r-3T‘A^*-2x)  +-J-(-3r  +  3Y,/*Je,/*+5x)~4^  +  ^(r-Tv*Jcv*  +  ^)  +  •••]•  C11* 74 ) 
S^-^nfla+l-lno-Jnd-e-J-r  Aln(l~«-“)  +  «'J(4r -H2r^  +  4x)  ~ 
+(3T- 3r,/,*Vl-2x)  4-  £x  — g-(r x)  +  ...].  (I1-  75) 

where  >  and,  therefore  d0=-J-  and  &  =  oy. 

In  these  expressions,  the  values  in  parentheses  are  functions 
of  the  two  constants  (r=  —  and  x  =  are  independent  of  the 

y  »#  / 

temperature.  Therefore,  these  expressions  are  very  suitable  for  cal¬ 
culating  tables  of  thermodynamic  functions  of  gases  at  moderate  tem¬ 
peratures  (but  only,  if  u  <  l).  It  must  be  noted  that  the  exclusion 
of  a  great  number  of  terms  from  the  sum  (11.66)  and  several  addition¬ 
al  simplifications,  which  makes  this  method  different  from  the  Kassel 
method,  do  not  essentially  reduce  its  accuracy.  The  fundamental  er¬ 
rors,  important  at  high  temperatures,  are  caused  in  both  methods  by 
the  fact  that  the  upper  limits  of  _v  and  J  in  the  statistical  sum 
over  the  states  are  assumed  to  be  equal  to  infinity. 

Example.  Let  us  examine  the  calculation  of  the  values  of  4>,  , 
- £- —  kol.vr 

and  S,  ,  „„  for  the  ground  state  X^Z+„  of  the  molecular  nitrogen  t’ 
icoi.vr  °  g  . 1 

by  the  Mayer  and  Goeppert-Mayer  method  Eqs.  (II.72)-(II.75)  at  tem¬ 
peratures  of  5000  and  10,000°K.  according  to  th?  molecular  constants 
of  this  state,  quoted  in  Table  92,  we  have:  v  =  —  2©,*,  =  2329,542  ; 

*£.v  =  ^LE  j  x  =  0.0063346;  qn  =  0. 34931 -T;  l/3qA  =  0.95;*  ’>-/ 

T  MT  T  v  u 

/P;  dQ  =  2.11.10"6.Tj  Pj  =  O.OO8589. 

At  5000 °K,  we  have:  e/T  =  0.670344;  qQ  =  1746.6:  l/3qQ  =  0.OOO2: 

* 

Uq  =  0.0106.  By  the  aid  of  the  Tables  for  the  values  ;! ,  ^/R  and 
S  /R  we  find  for  the  giver,  value  of  6/T:  /R  =  0.  >  I  op,  and  S  /; 

=  I.4185.  Substituting  all  the  required  values  into  tht  «quatlons 
(11.72)  and  (II.73)  and  taking  into  account  the  fact,  that  the  cyrr  r  t- 
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ry  number  2  =  2  is  valid  for  Ng,  we  obtain  for  5000 UK: 

<tW  ,o  -  1,98726  (7,4654  -  0,6931  +  0,7165  +  0,0002  +  0,0106  0,0090  +  0,0093)  = 

'*  “  14,9400  cal/mole* degree 

Suom.  *p  *  1,98726  (7,4654  +  1  -  0,6931  +  1.4185  +  0.0211  +  0,0090  +  0,0123  +  0,0256)  - 

=  18,3996  cal/mole ‘degree 


At  10, 000°K  we  have:  0/P  =  0.335172;  qQ  =  3493-1)  l/3q0  =  O.OOOO; 

dQ  =  0.211.  In  the  same  manner,  as  it  was  carried  out  for  5000°K,  we 

find  /R  =  1.2560,  and  S„  /R  =  2.0932,  and,  finally,  for  10,000°K: 
g*  o  g. o 

<DU..p  =  1,98726  (8.1585-0.6931  +  1.2560  +  0,0000  +  0.0211  +  0,0216  +  0,0268)  * 

■.  n.  *•  17,4698  ca} /mole ‘degree 

=  1,98725  (8,1585  +  I  -  0.6931  +  2.9932  +  0,0422  +  0,0216  +  0,0254  -f  0.0630)  - 

«  21,2851  cal/mole ‘degree 

If  we  use  the  expansion  proposed  by  Mayer  and  Goeppert-Mayer 
(Eqs.  (11.74)  and  (II.75))  for  the  calculation,  we  obtain  y  =  0.0008494 
and  we  have  for  5000CK: 

<iW,P  *»  1.9S725  (7,4051  —  0,6331  +  0.71G5  -1*  0,0302  +  0,0422  —  0.0171  +  0,0040  - 
—  0,C005  +•  0,Cwv0)  =  14,9354  cal/mole ‘degree 

5, 04. »p  *=  1.98726  (7,4654  +  1  —  0,6931  +  1,4185  +  0,0844  —0.0171  +  0,0005—  0,0000)  = 

*“  18,3972  cal/mole ‘degree 


and  for  10,000°K 

(PIom.  .p  =  1.98726  (8,1585  —  0,6931  +  1,2560  +  0,0000  +  0,0843  —  0,0171  +  0.0020  — 
—  0,0001  +  0,0000)  =  17,4690  cal/mole ‘degree 

S«o*.  .p  =  1,98726(8,1585  -f  1  —  0,6931  +  2,0932  +  0.1686  —  0,0171  +  0,0001  —  0,0000)  = 

=  21,2840  cal/mole ‘degree 

The  Method  by  Erounshteyn  and  Yurkov.As  has  already  been  noted, 
the  fundamental  disadvantages  of  the  three  approximate  methods  exam¬ 
ined  above  are  caused  mainly  by  the  simplifications  introduced  into 
the  equations  for  the  calculation  of  vr  in  order  to  avoid  the 

immediate  summation  over  the  levels  of  the  vibratic:n.l  energy.  These 
ciir.pl if icat Ions  are  not  obligatory,  and  they  may  be  avoided  if  for¬ 
mulae  of  the  form  ,  with  a  finite  upper  limit  are  obtainable 

for  the  calculation  of  the  sums. 


-  161  - 


Brourshteyn  and  Yurkov  [110]  proposed  a  novel  method  of  calcu¬ 
lating  the  thermodynamic  functions  of  diatomic  gases  based  on  the 
fact  that  sums  of  the  type 

y  z°v*  (11.76) 


may  be  calculated  for  a  finite  upper  limit  when  the  formula  for  the 
summation  by  parts  is  used  (see,  for  example,  [300]). 

The  authors  of  the  paper  [110]  developed  a  new  approximate  me¬ 
thod  for  calculating  thermodynamic  function  by  applying  the  equa¬ 
tions  for  an  approximate  limitation  of  the  summation  over  J  in  the 
statistical  sum  over  the  rotational  states,  proposed  earlier  by 
Brounshteyn  (see  page  154).  This  method  is  free  from  the  disadvantages 
inherent  in  the  methods  of  Kassel,  Gordon  and  B-rnes,  Kayer  and 
Goepp  rt-Mayer,  caused  by  the  fact  that  the  latter  assumed  v  as 
equal  to  *>  or  to  l/2x;  this  new  method  allows  the  introduction  of 
any  equations  for  the  energy  of  the  vibrational  and  rotational  it  v- 
els  of  the  gas  molecules  into  the  calculation.  The  equations  for  the 
\ ibrat Iona 1-rota tional  components  of  the  thermodynamic  functions  of 
diatomic  gases,  developed  by  the  authors  of  the  paper  [110],  ha vt  the 


iollowing  form: 

<IW  .p  =  R  [ln?0—  In  a  +  3^  4-  d0  4-  2,54  +  In  2 

0 

.  ®3U*  /  *“«  . 

■*.  —  D«) *  2  * /*•  2  Ci5k\' 

_  j  4—0 

In + 1  — r  Inc  4*  2ij  4*  7,54  +  In  2  a*Si  **• 


SgoM.  »p  —  R 


*— « 
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2  «p(-#D*)2  «-  / 

-*o  * 
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t—  « 
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I  2-r~D. 
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(IX.  77) 


(II.  7P>) 
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wnert  at,  ~  ak  ~r  $idk~i fak-i  and  are  the  coefficients  of  the  ex¬ 

pansion  of  exp [;-*  (a>0xa v’  —  -f — )j  into  a  Taylor  series, 

being  similar  to  the  coefficients  in  the  Kassel  method; 


A#  **  T -pz a#,  =J  T  jff&i  +  flo . 

bn—T  ^fOn  +  fl/t-1  gj=-  ©a.  &*+l  =5  * 

■  ^  Wait  ~  ~  ffi0*  ***•  ^  **"  ^  dTar~i' 

So  =  ^[7 - **"“*]• 

(S,-(w«ax+  1)  2#nuxl  . 

5,  =  4  to  +  2s»  —  <IW  +  1)S  z0m“J . 


s*  =  4  |s*  +  £  *  St— 1  - 


A(fe-l) 

21 


St-1  4- 


ml 


'  St — m  — '  (On 


1)V 


J* 


where 


and  the  other  denotations  are  similar  to  those  which  are  used  in  the 
methods  of  Kassel,  Gordon  and  Barnes. * 

It  must  .  noted  that  this  method  has  -  up  to  the  present  -  not 
been  applied  in  calculating  tables  of  thermodynamic  functions  of  gases 
due  to  the  cumbersome  calculations  required;  moreover,  at  moderate 
temperatures,  it  leads  to  practically  the  same  results  as  the  Gordon- 
Barnes  method. 

Rigid  rotator-harmonic  oscillator  model  approximation.  All  me¬ 
thods  of  calculating  thermodynamic  functions  of  diatomic  gases  x- 
amlned  above  assume  that  the  vibrational  and  rotational  level-  of  the 
gas  molecules  have  teen  investigated  with  sufficient  thoroughness  and 
that  the  equations  which  sufficiently  approximate  the  energies  of 
these  levels  in  a  wide  range  of  the  quantum  numbers  v  and  J  are  well 
known.  The  latter  is  possible  only  on  the  condition  that  at  least  jnc 
inr.arr.enieity  constant  (jj  x  ),  the  constant  D  of  the  centrifugal 
strero.  and  the  constant  of  the  vibrational-rotational  Interaction 
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in  the  expressions  for  GO{v)  and  FV(J)  are  well  known  or  may  be  es¬ 
timated.  Only  if  these  conditions  are  fulfilled,  can  the  :•  triads  of 
Gordon-Barnes,  Mayer  and  Goeppert-Mayer  and  many  other  methods  ap¬ 
plied  to  the  calculation  of  thermodynamic  functions.  For  many  gases, 
however,  data  on  the  constants  ^exe,  Dg,  etc.,  is  lacking,  and  in  a 

number  of  cases,  the  values  of  the  oscillation  frequencies  and  rota¬ 
tional  constants  of  the  gas  molecules  are  known  only  approximately. 

The  examined  methods  become  inapplicable  in  these  cases,  the  calcu¬ 
lations  of  the  thermodynamic  functions,  however,  may  be  carried  our 
by  a  more  simple  method  which  is  based  on  the  assumption  that  the  gat- 
molecules  correspond  sufficiently  to  the  model  of  a  rigid  rotat->r- 
harmonic  oscillator. 

It  is  supposed  in  this  case  that: 

a)  the  equilibrium  state  between  the  atoms  of  the  molecule  uoes 

not  depend  on  the  values  of  the  quantum  numbers  _v  and  J  end  that  ‘t 
remains  constant  in  all  vibrational  and  rotational  states  of  the 
given  electronic  state  (i.e.,  a-^  =  =  •  •  •  -  0;  Df  =  Hv  ...  =  V): 

b)  the  vibrations  of  the  molecule  are  harmonical,  and,  ther-  ’".rc  . 


■£.  x  =  a,  y  = 
e  e  e J  e 


=  0. 


It  is  evident  that  =  jjq  =  v,Be=»B0  is  valid  the  case  of  a  rigid  ro¬ 
tator-harmonic  oscillator,  and  that  the  rotational  energy  of  tie 
molecule  does  not  depend  on  the  vibrational  energy  of  the  latt<  r.  In 
this  approximation,  the  expression  for  vr  may  bt  written  Jovi 

as  follows: 

2 «■>(-£<*-)•  1)1.  (i2. 7?) 

v — v  no 

where  v  and  J  are  infinite.  Due  to  the  fact  ri:t  :tatl. ’11- 

max  max 

cal  cum  ever  J  1:;  Independent  of  2?  „r  i-  ti>-  t  '  •  - 

ec .actors,  the  statistical  sir;  Q  the  v  ifcrgt  i-.-na  *  slat,-.;.  '  ••  1  ar- 

r.  o 
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monlc  oscillator,  and  the  statistical  sum  Q.  ^  the  rotational  states 

zn.  r 

of  a  rigid  rotator;  the  appropriate  components  in  the  values  of  the 
thermodynamic  functions  are  calculated  as  the  sum  of  two  independent 
addends,  the  components  of  the  harmonic  oscillator  and  the  rigid  ro¬ 
tator: 

Qgoi.  ap  SBS  4 *1**.  P» 

S»oju sp  —  •Sr.o  4*  5*.  p .  (II.  ®l) 

If  the  summation  over  v  and  J  is  carried  out  in  Eq.  (11.79) 
taking  into  account  the  limits  mentioned  above,  the  statistical  sum 
of  the  rigid  rotator  and  harmonic  oscillator  has,  in  the  chosen  ex¬ 
pressions,  the  following  form 


^o*.  sp  c  8(1  —z)  *  (11.82) 

where  q/o  is  the  statistical  sum  over  the  states  of  the  rigid  rotator, 
and  1  /  (l  —  2)  is  the  statistical  sum  over  the  states  of  the  har¬ 
monic  oscillator. 

Thus  we  have 


*=  R  (In  q  —  In'  a  —  In  (I  —  2)1. 

Su.p.r.o  =  R  [in  q  +  1  —  Ino  —  In  (1  -  2)  -  T~  In  (I  -  2)]. 


(II.  83) 
(11.84) 


Owing  to  Qm  p  ,  the  components  of  the  rigid  rotator  may 

be  expressed  in  terms  of  thermodynamic  functions  as  the  sun;  of  two 
addends:  one  which  is  proportional  to  In  T,  and  another,  which  is 
constant  for  the  given  gas  and  which  depends  only  on  the  symmetry  of 
the  gas  molecules  and  on  their  rotational  constant  (see  §11).* 

The  components  of  the  harmonic  oscillator,  equal  to  -In  (l  —  z) 
and  to  the  derivatives  of  this  value,  depend  only  on  the  correlation 


A  number  of  authors  have  compiled  tables  of  the  values  of  these 
quantities  as  functions  of  e/1  in  order  to  find  values  of  Sg>o 

fit.,  -  IU)  /T  and  C  .  The  components  of  the  harmonic  oscilator 
x  0  Pg.o  may  be  found  in 
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these  tables  by  means  of  a  simple  interpolation.  Wilson  [42911  con- 

* 

piled  tables  of  the  values  of  Q,  (Hr—  H0)r  JT  >  etc-  *  an  func¬ 
tions  of  the  values  of  .o/T,  and  in  the  paper  of  Torkington  [4004] 
these  values  are  expressed  as  a  function  of  two  variables  (eo  and  T).* 
The  errors  in  the  ca1culation  of  the  thermodynamic  functions  of 
gases  carried  out  by  the  rigid  rotator-harmonic  oscillator  model  ap¬ 
proximation  are  caused  by  the  neglecting  of  the  deviations  of  the  in¬ 
vestigated  gas  molecules  from  the  chosen  model,  and  also  by  the  ne¬ 
cessity  of  restricting  the  number  of  vibrational  and  rotational  state 
in  the  statistical  sum  (II.79).  The  corresponding  enors  are  espe¬ 
cially  important  at  high  temperatures  and  also  in  cases  when  the  mo¬ 
lecules  of  the  gas  possess  low  oscillation  frequencies  or  high  an- 
hai.aonicity  constants.  At  low  temperatures  (at  high  values  of  /?), 
however,  the  application  of  this  method  does  not  cause  considerable 
error  (see  below.  Tables  9  and  10). 

* 

Example.  Let  us  examine  the  values  of  3>,  ,  „  and  S.  ,  for 

- 4 —  kol.vr  kol.vr 

the  X1Z+  ground  state  of  molecular  nitrogen  Np  in  the  rigid  rotator- 
-harmonic  oscillator  model  approximation  at  5000°  and  10,000°K.  On 
the  basis  of  the  values  of  the  molecular  constants  of  Inis  nai <  , 


quoted  in  Table  92,  we  ha  ve  :  <b#  =  =  23*1.525  l  y 

q0  =  0.34931  T. 


T 


At  5000 are  valid:  c/p  =  0.67466;  qQ  =  1746.6.  l.’c  find 


tables  of  thermodynamic  functions  of  the  harmonic  oscillator 


ai.  J 

tne 
i*  the 


given  value  of  e/T:  /R  =  0.7120  and  S_  /R  =  1.4123-  Subst : tut ir.j 

S*  ®  15* 

all  required  values  into  Fqs.  (II. 83)  and  (11.84)  and  taking  into 


account  the  fact  that  the  symmetry  number  of  N?  is  >:  =  2.  re  tea  In 


OW  =  1,98726  (7,-1554  -  0,6931  -f  0.7120)  =  14.S733  0- l/’  r 
5,0,.  .P  =  1,98726  (7.4654  +  1  -0,6931  +  1.4123)  =  18.2522  :a'  '  ■ 
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•  J  t  £ 

-  1  r  •  jr  :•  * 


At  10, 000  °K  are  valid:  0/T  =  0.337328;  qQ  =  3493.1.  Similarly 
as  in  the  case  of  5000%  we  find  Q/R  =  1.2506  and  S  Q/R  «  2.0914 
and  we  obtain  finally  for  10,000°K: 

<&;.«  *=  1,98726  (8,1585  —  0,6931  +  1,2506)  «=  17,3210  cal/mole  ‘degree 

5, 04.  .P  -  1.98726  (8,1585  +  I  -  0,6931  +  2.0914)  =  20,9791  cal/mole  ‘degree 

i'9.  Approximate  Calculation  Methods  Taking  Into  Account  The  Multipli¬ 
city  of  the  Electronic  States  of  Molecules* 

It  was  assumed  in  the  derivation  of  the  equations  for  the  cal¬ 
culation  of  thermodynamic  functions,  carried  out  in  the  foregoing 
section,  that  the  molecules  of  the  investigated  gases  are  in  the 
2  electronic  state,  I. e. ,  that  the  quantum  numbers  A  and  S  are  equal 
v.j  zero  and,  therefore,  the  total  angular  momentum  of  the  molecule 
is  equal  to  the  angular  moment  of  its  nuclei.  The  total  number  and 
position  of  the  levels  of  rotational  energy,  relative  to  each  other 
in  the  diatomic  molecule,  as  well  as  the  form  of  the  equation  which 
describes  the  energy  of  these  levels  depend  essentially  on  the  values 
of  A  and  S  and  on  the  type  of  the  Interaction  of  the  angular  momenta 
when  A  0  and  S  ?  O. 

It  was  mentioned  above  (see  page  58)  that  at  S  >  0  each  rota¬ 
tional  level  corresponding  to  the  given  value  of  J  is  split  Into  2S  + 
+1  components,  and  that  at  A  >  0  an  additional  splitting  of  each  com 
ponent  (the  so-called  A  doubling)  takes  place.  The  splitting  of  the 
levels  of  rotational  energy  of  the  molecule  may  be  approximately  taken 
into  account  in  calculating  thermodynamic  functions  of  gases  by  intro¬ 
ducing  appropriate  satistical  weights  in  the  expressions  for  the  sta¬ 
tistical  sums  and  in  their  derivatives  with  respect  to  the  temper¬ 
ature.  These  statistical  weights  are  equal  to  2S  +  1  at  A  =  0  and 
equal  to  2(2S  +  l)  at  A  >  0.  The  Introduction  of  statistical  weights 

into  i  i.e  exoression  for  Q,  .  causes  additional  acdends  Rln  (2S  +  l) 

kor.vr 
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or  Rln  2(2 S  +  l)  in  the  formulae  for  the  calculation  of  $ip  and  SCT- 
The  values  of  the  statistical  weights  approximately  allowing  for  the 
multiplicity  of  the  electronic  states  of  different  types  are  quoted 
in  Table  7- 

TABLE  7 

Statistical  Weights  of  Various  Electronic  States  of 
Diatomic  Molecules 


Tiin  cocroxi^u  ®  *2 

1 

;v 

*11 

4il 

*A 

t 

*A  ? 

{ 

b 

Crarachiseatufi  esc  1 

O 

m 

3  - 

2 

4 

6 

2 

a)  Type  of  the  state;  b)  statistical  weight. 


The  accounting  for  the  splitting  of  rotational  energy  levels  of 
molecules  in  multiplet  electronic  states,  however,  by  means  of  sta¬ 
tistical  weights  is,  in  some  oases,  a  coarse  approximation  as  oh<- 
energies  of  the  individual  components  of  the  level  having  the  given 
value  of  the  quantum  number  J  may  essentially  differ  from  each  other 
(especially  states  similar  to  those  of  the  Hand  coupling  case  b),  a 
number  of  lower  levels  are  missing  in  the  discrete  substates,  and  the 
quantum  number  J  assumes  only  half- Integral  values  when  the  quantum 
number  S  possesses  nonintegral  values.  Consequently,  the  peculiari¬ 
ties  of  the  positions  of  the  energy  levels,  characteristic  for  the 
electronic  states  of  molecules  of  the  given  type,  must  be  taken  into 
account  in  the  calculation  of  the  thermodynamic  gas  functions.* 

The  scheme  of  the  calculation  does  not  depend  on  the  electronic 
state  in  cases  when  the  statistical  sums  over  the  vibrational  anu 
rotational  states  are  calculated  by  the  method  of  immediate  summation 
ovc  '  the  energy  levels  (see  page  143>.  The  only  change  consists  In  Uv 
fact  that  the  energy  of  the  rotational  levels,  if  it  n  t  - :  v(  sc-r  d 
ir  numerical  values  obtained  from  experimental  data,  rust  be  -r  !  • 


lated  not;  by  means  of  Eq.  (1.15)  but  by  means  of  Eqs.  (1. 2l)-(l. 26) 
depending  on  the  type  of  the  electronic  state  a.nd  on  the  type  of  the 
interaction  of  the  discrete  angular  momenta. 

At  the  same  time,  the  form  of  the  equations  which  join  the  va¬ 
lues  of  QkoliVr,  *£ol.vr»  Skol.vr’  etc* »  with  fche  values  of  the  mo¬ 
lecular  constants,  depends  essentially  both  on  the  type  of  the  elec¬ 
tronic  state  and  o..  the  type  of  the  interaction  between  the  discrete 
angular  momenta,  when  the  calculation  of  the  thermodynamic  function 
of  gases  is  carried  out  by  approximate  methods  (for  example,  by  the 
method  of  Gordon  and  Barnes  or  of  Kassel). 

Equations  for  approximately  calculating  the  thermodynamic  fune- 
v.icr.s  of  individual  concrete  gases,  taking  into  account  the  splitting 
of  the  levels  into  multiplet  states,  were  obtained  in  a  number  of 
papers.  Thus,  Wtmer  [4301]  and  Gordon  and  Barnes  [l8l4]  derived  re¬ 
lations  for  the  calculation  of  the  thermodynamic  functions  of  NO 

p 

(  <1  state,  and  Hund  coupling  case  a),  Haar  and  Friedman  [1910]  de- 

p 

rivec  equations  for  calculating  the  functions  of  OH  (  state,  a 
coupling,  intermediate  between  the  Hund  cases  a  and  b).  Equations  for 
calculating  the  thermodynamic  functions  of  02  (^Z  state,  Hund  coup¬ 
ling  case  b)  were  stated  in  papers  by  Gordon  and  Barnes  [l8l4]  and 
Woolley  [4324].  These  equations  were  obtained  in  the  paper  [l8l4]  on 
the  basis  of  Kramers  relationships  for  the  energy  of  the  rotational 
levels  of  this  molecule,  and  in  paper  [4324]  on  the  basis  of  the 
Schlapp  equations  (see  page  79).  Finally,  in  Gordon’s  paper  [l8o8] 
equations  were  derived  for  calculating  the  thermodynamic  functions  of 
gases,  the  molecules  of  which  are  in  the  Jil  state;  the  deduction  was 
carried  out  on  the  example  of  the  C2  molecule. 

The  problem  of  calculating  thermodynamic  functions  of  gases,  the 


molecules  of  which  are  in  multiplet  states. 


examined 


general  point  of  view  in  papers  by  Yungman  [472]  Khachkuruzov  and 

Brounshteyn  [445,  446]  and  Brounshteyn  and  Yurkov  [109]  (see  also 

the  review  [107]).  Relations  which  make  possible  the  calculation  of 

the  vibrational-rotational  constants  of  the  thermodynamic  functions 

of  gases,  the  molecules  of  which  are  in  the  four  most  frequently  oc- 

2^2  7 

eurring  multiplet  electronic  states:  2,  -'2,  fl,  and  -'.I,* were  obtain¬ 
ed  in  these  papers.  Since  the  Gordon-Barnes  method  is  taken  as  a  ba¬ 
sis  in  this  Handbook,  the  corresponding  equations  were  derived,  and 

2  q 

equations  were  obtained  for  the  H  and  states  which  are  valid  for 
both  the  normal  and  inverse  states  corresponding  not  only  to  the 
Hund  coupling  cases  a  and  b,  but  also  to  the  case  intermediate  bet¬ 
ween  them.**  The  relations  obtained  in  these  papers  are  cited  above.*** 

p 

2  state.  The  expression  for  Qkol  vr  of  molecules  being  in 

p 

2  state  was  obtained  by  Yungman  [472]  on  the  basis  of  the  equations 
for  the  rotational  energy  derived  by  Mulliken  [2977]  (see  Eq.  (l.23)): 

jU.  *«.  (‘  +  +  &)  (> +  £ + «.  +  +  /.)  • •  [>  +  f  (£)'  v]  •  t  • 

.  (ii.  85) 

* 

The  corresponding  equations  for  the  calculation  of  <J>,  ,  and  S.  , 
may  be  obtained  from  (II. 85): 

«W .,  =  R  [in  Q,. .  +  4  In  +  ?.»  e  &  +  ^-  +  In  «.  + 

+  rf.  +  2,54  +  /.-lnn+ln2  +  4-(i)’^-],  (H-S«) 

+  +  ?,i  +  !M’+ln».+  l  -r2.«.  +  7.5<fi  +  %-lno  +  la  2]  , 


(11. 87) 


where  7  is  the  multiplet  splitting  co  nstant. 


The  constant  y  is  generally  very  small,  and  its  value  is  in  the 
order  of  parts  of  cm-i.  In  the  case  of  HgH,  In  which  ,  possesses  the 
highest  value  (2.15  cm-1)  the  value  of  —  Is  equal  tc  0.0052 
and  0.00015  for  T  =  298. 15  and  1000CK,  respectively.  Thus,  ti<  dj:’- 
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ferenee  between  the  component  of  the  multiplet  splitting  and  the  mag¬ 
nitude  Rln  2  is  equal  to  0.0103  and  0.0003  at  these  temperatures.  In 
the  case  of  other  gases,  the  difference  is  yet  smaller  and,  therefore, 

O 

the  multiplicity  of  the  2  states  may  be  taken  into  account  with  suf- 

# 

ficient  accuracy  by  the  addend  Rln  2  in  the  value  of  <J>T  and  S  j  in 
calculating  the  thermodynamic  functions  for  temperatures  higher  than 
the  room  temperature. 

^2  state.  Formulas  for  the  calculation  of  thermodynamic  func- 

■a 

tions  of  ideal  gases,  the  molecules  of  which  are  in  the  ”*2  state,  were 
obtained  by  Yungman  [472]  on  the  basis  of  the  Schlapp  equations  for 
the  rotational  energy  (see  page  79,  Eqs.  (1.24)): 

»p  =  R  Jli*  Qr.  0  *f*  A  In  ■+■  In  4-  4*  d%  + 

+  2.5d2+  /,  +  Ina  +  ln3  +  (II.  88) 

[%*  +  +  In  *  +  1  +  fci  +  +  2d.  +  7.5dJ+3/.  -  In o  +  ln3j  . 

(II.  89) 

p 

il  state.  Formulas  for  the  calculation  of  thermodynamic  func- 

2 

tions  of  gases,  the  molecules  of  wnich  are  in  the  H  state,  were  ob¬ 
tained  by  Khachkuruzov  and  Brounshteyn  [445]  on  the  basis  of  the  Hilj. 
and  Van  Vleck  Eq.  (1.25)  for  rotational  energy.  The  final  expressions 
for  the  thermodynamic  functions  may  be  written  down  as  follows: 

0;&.p  =  *[ln  Qr  o+  A  In  Q^+In  fc  +  frS-i-ftS*-  Inc  +  ln4  +  lnz0  -  ~rKlr)] 

(II.  90  ) 

^»p«R[ta  Ain  Qw+ln$0+ piO  +  ^-lns-f  ln4  +  In**- Kf] 

>  :  (n.91) 

S««..p*«[%5  +  ^2f+ln?,4-H-M+P5«-ln«  +  In4  +  S8].  (11.92) 

where  the  symbol  (r)  means  the  regular  (normal)  state,  and  the  symbol 
(i)  means  the  inverse  state. 


w«P~h{w-')-  <n-93> 

w  K?  -  i  [j/'-tO-s-)-2]  •  (JI-^ 

z0  and  Sq  are  calculated  by  means  of  the  formulas 

•  -  (-£•-?)•  fII-95) 

«.  -  lu  *  +  T&  to  *  -  In  *  +  x  [r  +  £(l  -  %  •  4)«xp  (-£  •  4)] . 

(11.96; 

and  z^  and  are  calculated  by  means  of  the  formulas 

*=l/nM..  ClI-  97) 


(II.  98) 


r  ”2*  -  S  A#*— 


«»0 


The  values  of  fn  and  <Pn  for  n  ^  4,  which  enter  into  Eas.  (11.97)  and 
(11.98)  are  found  by  means  of  tables  compiled  by  Khachkuruzov  and 
Brounshteyn  as  functions  of  the  argument 

m=l^ESzS  (11.99) 

.  :  q» 

and  p-n  and  Mn  are  given  by  the  following  expressions: 

m  =  +d;  +  64.Fi  =  37(4»  +  It*  =  6t* (d0  -h  . . .), Ha  =  Hi  «  V-i  =  •  •  • 53  °. 

M,  -  — £ +  1  +  +  34  +  /*  Mx  =  r  0  +  3c/0  -f-  154),  Mt  =  r3  (1  +  +  «4>. 

M,  «  ar3  (1  +  IWo  +  105$,  -  6r8  (I  +  154,  +  2i£$. 

where 

2  ]/ — sr  (1'"4r) 

In  the  paper  by  Khachkuruzov  and  Brounsteyn  [446]  various  spe¬ 
cial  cases  of  the  general  formulas  (II. 90)- (II. 92)  were  examined, 
which  make  it  possible  to  simplify  essentially  the  calculations  of 
thermodynamic  functions.  Thus,  for  the  Hund  case  a,  Instead  of 
(II. 90)- (II. 92) .  it  was  obtained 
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o 


flCoicp  =  /?[ Ik  Qr  <  0  4  A  in  4  In  q0  —  in  a  4 
4  4-  P*o*  4  dQ  4  2,5dj  4  /o  4  In  4  4-  g~4  In  A<f>j ,  (il.  100) 

<^o*..s>  =  #  (In  Qr.  0  4  A  In  Q„M  4  in  ?9 -  Ino  4  & 4  M*  4  <*.  4  2,5dj 4 /*  4 

4  In  4  4  In  A^J,  (II.  101 ) 

«$km.  sp  **  R  4  £  4  In  ft  4  1  —  *n  o  4  P9s  4  p*?  4  . 

4  2rf,  4  7,&£  4  3/,  4  In  4  4  s^] .  (H •  102) 

3mi»?  **  £  *1 - jp~  4  In  ft  41  —  Inff  4(PiS  4  p*?  4 

4  2d,  4  7,&f5  4  3/0  4  In  4  4  s*  J .  (H*  103) 

where 

”t[1+T+(‘-x)«p(-^)]' 

**  -  t[‘  +&-£+('  -rri+i)“H-^i/;i)]- 

£<*-*•>“■>  (-#4 

and  for  the  Hund  case  b  the  following  expressions  were  obtained: 

<$!&.*»  -*  fl[ln  Qr  o  4  A  In  QrM  4  In  ft  —  In o4  pf»  4  Pi»*  4 

4d*+^.5d54/*4  ln4  4^*— 2gj^].  (11.104) 

<l£&.p  «  R  £ln  Qt  p  4  A  In  4  In  ft  —  In  a  4  Pi®  4  p*3*  4 

+  4.  +  2,5dJ  +  /.  +  In  4  -£1-  i  (i  -  yr+  ^— ^)] .  (IX.  105) 

-jjr  H - - j jp^-  4  In  ft  4  1  —  In  <j  4  Pi*  4  P*5*  4  2 d9  4  7,5^5  4  3/*  4  In  4j. 

(II. 106) 

3„ 

_ii  state.  Formulas  for  calculating  the  values  of  thermoavnamic 
functions  of  gases,  the  molecules  of  which  are  in  the  ^.T  state,  were 
obtained  by  Brounshteyn  and  Yurkov  [109]  on  the  basis  of  the  Budo  c~ 
qua t ions  for  rotational  energy  (1.26).  Relations  for  coupling  .ases. 
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corresponding  to  the  Hund  cases  a,  b,  and  the  intermediate  case  be¬ 
tween  them,  were  obtained  in  the  paper  [ 109 J •  We  cite  below  the  re¬ 
lations  for  the  Hand  cases  a  and  b. 

In  the  Hund  coupling  case  a,  these  relations  have  the  fora: 


<!W  .,  ■=  R  [lit  Q... .  +  A  In  +  In  —  l'> »  -I-  -r 

+  *•+  2, M3  +  &E.  +  In  6-1-  in  t,  +  f  +  -i-  fash  (§  |  A  |)].  (II.  107) 

»p  *=  *V [-£-  "I - T  In 9a  +  I  —  lliSt  PiS  -r  PaSa  -r 

+  M,  +  7.M3+  In64  *l)  +  i(r j?— «•)]  l11- 108.' 


wnere 


ci~  +  3  **  (*r  I  ^  t)  * 

«i  =  *i  -  s'- 

•  '  *  -  t-k[!  -  x)+ 8  i  *  &1* ')]  • 

Ts  =  T*  - s[r ft + si ! 4 ! si; (I fA0-]- 

T  ^  M  ![(1  -  Wsh  (S 1 -1 0  “ 2  ^HIT ! 4  0]  • 

•  ■  r-  -t'<p  (+l®)+3exp  (^p). 

rf-±f«P  $)  ±  » *=p  «xP  i&p) . 

yi  =  Y<y- 0  +  4-  y  =  T ■ 

In  the  expressions  for  S'  and  ,  the  urper  signs  correspond  m 

c  r 

the  regular  states,  and  the  lower  signs  to  the  irregular  states. 

In  the  Hund  coupling  case  b,  the  relations  have  the  for-' 


Ow  =  tf[ln  <2r.  0  +  A  In  -f  In?,-  Ins  -f  &  +  &  +  d>  + 

+  2.3d5  4-jf£#*Mn6], 


(ii.  ix-' 


S%om.  -  R  [%*  +  -fin  q0  +  1  -  In  a  4-  V  -J  -f  2d0  +  7,54  +  In  6  j  . 

(11.310) 

Ti--  quant it/  Er  which  enters  int.7  the  relations  (II.  I'.1.)  and 
(II.  1^0)  is  eq>a3  to 
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£. - -B.(yy‘  -  *r + */, + f  •  -£-rw).  (n- 111 ) 


for  the  regular  state  and  equal  to 

gt r  - B, (yV» - 4K  4  «/. * T feVr'";’:  - 6) • (U-U2) 

for  the  Inverse  state. 

Let  us  consider  the  calculation  of  thermodynamic  f  ^  tions  of 
diatomic  gases,  the  molecules  of  which  possess  multiple!  states,  in 
the  example,  of  calculation  of  the  vr  and  Skol  vr  of  CC1  at  T  = 

=  3000 °K.  Due  to  the  fact  that  the  ground  state  of  CC1  belongs  to  the 

O 

n  type,  and  A/B  =  195  (Hund  case  a),  the  calculation  may  be  carried 
out  by  Eqs.  (II. 100 )  and  (11.102).  According  to  the  values  of  the 
molecular  constants  of  CC1  In  ground  state,  quoted  in  Table  176,*we 
have:  6/ T  =  1256. 93A;  x  =  0.0080128;  qQ  =  1.00264-T;  dQ  =  5.47*10~6T; 

=  9*697*10"3;  p2  =  9.40*10~3,  and  5/6qQ  =  0.83114/T.  At  3000CK 
are  valid:  6/T  =  0. 418977 ;  qQ  =  3007.92;  dQ  =  0.0164;  5/6q0  =  0.0003. 
Tne  values  q/R  =  1.0722  and  c/R  =  1.8772  may  be  found  as  func¬ 
tions  of  S/T  in  the  tables  of  the  thermodynamic  functions  of  the 
harmonic  osc  lator,  the  values  of  A  In  Q.  -  -  0.0424;  — —  - 

=  0.0922;  o  =  2,156;  o2  =  12,36;  s  =  5,066  and  5*  *4,32  may  be  found  as 

functions  of  9/T  and  x  in  the  tables  of  the  corresponding  quantities 
(see  footnote  to  page  15^.  On  the  basis  of  the  values  BQ  =  0.6956 
and  A  =  ,  .>4.92,  quoted  in  Taole  176,  we  have:  A  =  0. 96888  and  =0 

from  which  we  have  In  A  =  -0. 0316,  and  =  -0. C005.  Finally,  we  ob¬ 


tain  for  i,r 


and  S, 


at  3000 °3C  from  Eqs.  (II.IOO)  and  (11.102): 


.p  =  1.98726  (1,0722  4-  0,0424  4-  8,0090  —  0,0000  +  0,0209  -f  0,0012  4- 
4-  0/J164  -f  0,0007  4-  0,0000  4-  1.3853  4*  0,0003  —  0,0316)  =  20,9010  c?.i/mole  -degree 
.P  =  1.98726  (1,8772  4-  0,0922  4*  8,0090  4-  1,0000  -  0.0000  4-  0,0491  4- 
4*  0,0042  4-  0,0328  4-  0,0020  4-  0.0000  4-  1.3863  -  0,0005)  =  24,7460  cal /me  I-,  •degree 
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TABLE  3 

Comparison  of  the  Results  of  Calculations  by  Various  Me¬ 
thods  of  the  Values  of  and  S.  -  for  Gases, 

koi*  vr*  vr 


the  Molecules  of  which  Possess  Multiplet  States 


r*»  1  ! 

0* 

NO  j 

OH  ! 

2  T*n  cocToaHM 

X*S 

x*n. 

x-n4.  | 

r*.  k 

2W>.|5 

JCOO  1 

2&5.1S 

JOfju 

an.  i5 

10*  a)  ! 

3  Meroa 

»p-  so*}***-***  | 

—5 - 

Henocpeacro.  cyMMupoBaane 

10.GS94 

13, 2249 

11,8144 

14,6825 

7,3554 

9,9052  1 

’  4 

fopxoiu  n  BapHec  6 

10.  saw 

13,3248 

11,8143 

14,6823 

7,3580 

9.9051  i 

7  »  *  (co  craT.  aecou) 

10.6915 

13.3242 

12,3027 

14.845S 

7,6164 

9,9590  | 

5  Meroa 

5  s*o».  a?-  *a*lMOM^pad  ' 

b 

Henocpeocra.  cyMMiiposaKsie 

.12.6798  ;  15.S5S0 

14,2045 

17.218! 

9  4537 

12,0441  : 

ropjtoua  u  Bapuec  6 

12.6825 

15,85.83 

14.2041 

17,2180 

;  45.10 

12.iV.42  j 

7  •  •  (co  craT.  aecoM) 

12.6825 

15.85S:} 

14.237S 

17,2258 

9,5047 

-.2.0219  j 

1)  Gas 

2)  type  of  state 

ca 1/mole -degree 
e  summation 

6)  Gordon  and  Barnes 

7)  the  same  (with  statistical  weight) 

8)  Sk  2  ,  cal/mole -degree. 


3)  method 

h )  4>* 

5)  iferlkYS’t 


In  Table  8,  the  results  of  calculations  of  thermodynamic  func¬ 
tions  of  some  gases  are  giver.,  as  carried  o  ;t  by  the  method  of  im¬ 
mediate  summation,  by  the  method  of  Gordon  and  Barnes  using  tin  ap¬ 
proximate  relations  mentioned  above,  and  also  by  the  method  f  Gordon 
ore  Barnes  taking  into  account  the  multiplicity  of  the  states  l:  ans 

A'  statistical  weights  (see  Table  7).  It  is  evident  from  tne  Tab!' 
that  the  methods  of  immediate  summation  and  of  Gordon  and  Barnes  go  ' 
almost  Identical  results  n  all  cases. 


It  must  be  noted  that  the  relations  (II.  l/>)-(lI.  Ill)  -  a  ,  b< 


for  the  calculation,  of 


tiic  the  rmodynamical 


function; 


ap; 


»  1  I  5  t 

r  L  *  av*  - . 


Ct!:  n. 


<-  ••  and  Hoenpc  rt-Kov'  r. 


..  1  e-  . 
4J  O  - 


till 


-  I/O  - 


•  -  in-  ■ 


rotator  model  approximation.  It  Is  suffici  nt,  for  this  purpose,  to 
omit  the  corresponding  terms  in  Eqs.  (II.85)-(II. 112)  and  to  change 
the  method  of  calculation  of  the  vibrational  component  (see  below, 
page  187). 

In  concluding  this  section,  it  should  be  noted  that  the  multi¬ 
plicity  of  the  rotational  levels  may  be  taken  into  account  in  the 
calculations  in  the  harmonic  oscillator-rigid  rotator  model  approx¬ 
imation  for  high  temperatures  (generally,  higher  than  1000°K)  by 
introduction  of  the  statistical  weights  quoted  in  Table  7,  as  the  er¬ 
rors  caused  by  neglecting  the  anharmonicity  of  the  vibrations  are 
essentially  higher.  In  calculations  for  temperatures  in  the  range  of 
hOO°K  and  below,  however,  when  the  anharmonicity  of  the  oscillations, 
the  centrifugal  stree  and  also  the  interaction  between  the  vibration 
and  rotation  of  th*.  molecules  hardly  affect  the  thermodynamic  func¬ 
tions  of  diatomic  gases,  the  consideration  for  the  splitting  of  the 
states  by  means  of  statistical  weights  results  in  great  errors  es-- 
pecially  In  the  values  of  (see  Table  8).  Thus,  the  calculations 
by  the  rigid  rotator-harmonic  oscillator  model  approximation  for  lo\ 
temperatures  must  also  take  into  account  the  splitting  of  the  rota¬ 
tional  energy  levels  In  multiplet  electronic  states,  if  the  split¬ 
ting  constants  are  well-known  cr  if  they  may  be  estimated.  The  cor¬ 
responding  calculations  may  be  carried  out  by  means  of  the  relations 
(II.85)-(II. 312)  assuming  in  them 

5 

^  =*  pj  =  dj  =  /$  =  0  In  Qim  —  In  Q r.o*  5m*  /  R  —  • 
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§10.  TAKING  INTO  ACCOUNT  THE  EXCITED  L^ZCTRONIC  STATES  OF  THE  MOLE¬ 
CULES  APPROXIMATE  CALCULATION  METHODS 

It  was  assumed  above,  in  the  examination  of  approximate  metnoas 

of  calculating  the  thermodynamic  functions  of  diatomic  gases,  that, 

the  contribution  of  the  excited  electronic  states  of  the  molecule  ; 

may  be  disregarded.  Let  us  examine  in  which  manner  the  methods  may 

be  made  more  accurate  in  cases  when  this  assumption  does  not  hold; 

s  fact,  which  generally  takes  place  at  high  temperatures. 

If  the  calculation  of  the  thermodynamic  functions  pf  gases  is 

carried  out  using  the  method  of  Giauque-Overstreet,  the  values  of 

Q,  ,  for  each  electronic  state  may  be  found  indeoendently  of 
kol.vr 

each  other  as  well  as  in  the  case  where  the.,  are  calculated  by  Itv  • - 
diate  summation.  Thus,  Qvn  and  7 are  found  as  sums 

=  (n  114) 

where  th?  summation  is  carried  out  over  all  electronic  states  which 

are  taken  into  account  in  the  calculation. 

If  the  thermodynamic  functions  of  gases  are  calculated  by  other 

approximate  methods  (for  example,  by  the  Gordon-Barnes  or  Kassel 

methods),  the  values  of  vr  and  T Qmm  ^  are  not  calculated  at 

all,  because  the  vibrational-rotational  components  of  the  thermrd 

namio  functions  are  calculated  immediately  by  means  of  the  molecular 

constants.  It  was  shown  in  the  paper  £  175 J  by  Gurvich  and  Korobov 

that  this,  in  principle,  presents  no  obstacle  to  tue  calculation  V 

the  values  of  Q  and  ri-O  bv  immediate  summation  over  tin  tlc  -- 
vn  4  ffr 

ironic  states. 

The  relations  (II. 113)  and  (II. 114)  may  be  written  down  in 
t  ';  .  f  n::: 
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Q»«  -*Sexp(Af,— 

T  W ~Mt+  j?*£) exp(Af/-  ^y<0). 

where 

M,  -  In  <?&.,„  , 

N,  —  In  0'fl  4-  7 -4  In  Q(t- 

•  *“  'tftOA.Cp  ‘  *  '<KM.«P  * 

The  values  of  and  ma>  be  calculated  on  the  basis  of  the  mole¬ 
cular  constants  of  the  gas  In  thf  ith  electronic  state  by  any  approx¬ 
imate  method,  for  example,  by  Eqs.  (11.52)  and  (11.53)  The  calcula¬ 
tion  of  Qvn  and  T^fQM  by  the  relations  (11.115)  and  (11.116)  using 
the  approximate  methods  examined  in  §8  and  9,  in  order  to  determine 
the  values  of  and  N^,  has  the  advantage  that  in  this  case  any  num¬ 
ber  of  electronic  states  of  the  gas  molecules  may  be  taken  into  ac¬ 
count  in  the  calculation  of  the  thermodynamic  functions,  without  an 
immediate  summation  over  and  J  is  necessary  in  calculating  the 
statistical  sums  over  the  vibrational  and  rotational  states. 

The  accuracy  of  the  values  of  Qvn  and  TjfQm  >  calculated  by 
means  of  Eqs.  (II.  115)-(ll  .116)  depends  on  the  method  of  calculating 
the  values  of  and  N^,  i.e.,  the  vibrational-rotational  components 
of  the  thermodynamic  functions.  The  method  of  Gordon  and  Barnes  was 
applied  for  this  purpose  in  the  paper  [ 175 3 - 

It  is  evident  that  corrections  must  be  introduced  in  order  to 
lir.lt  the  number  of  rotational  levels  of  the  molecules  in  each  elec¬ 
tronic  state,  when  the  calculation  of  the  values  of  and  N,  by 
Eqs.  (11.117)  and  (11.118)  is  carried  out  for  cases  in  which  such  a 
provision  is  necessary,  i.e.,  at  high  temperatures.  If  one  or  several 
electronic  states  of  the  molecule  are  multipJet  states,  the  values  of 
and  for  the  ground  state  and  the  states  with  low  excitation 
energies  may  be  calculav?d  by  Eqs.  (II.85)-(II. 112),  and  the  addends 


(II.  115). 
(II.  116) 

(II.  117) 
(II. 118) 


-  179  - 


In  the  sums  (11.115)  and  (II.116)  must  be  multiplied  by  the  statis¬ 
tical  weights  of  all  these  states,  corresoonding  to  Table  V.  in 
the  case  of  multiplet  states  with  high  excitation  energies. 

In  cases  when  the  number  of  gas  molecules  in  excited  electronic 
states  is  low  compared  to  the  electronic  ground  state  (i.e.,  when 
the  vJg/T  are  sufficiently  high),  the  excited  states  may  be  account¬ 
ed  for  simpler  methods. 

Assuming  that  the  vibrational  and  rotational  constants  _ f  the 
gas  molecules  are  equal  in  the  ground  and  in  the  excited  elect  x- ml  c 
states,*  bne  expression  for  Q  may  be  written  dov/n  in  the  form 


Q  =  y, QM  exp (—  =Q<*>  h  —  T;  —exp  (  —  5£  v^''c  (tt.  ;  1 

f\  kT  00  /  ^NOa.ip  !  *  -£J  p  •' - ‘  •'I 


where  0lX)  is  the  statistical  sum  over  the  \  ibrat 5  :  wax  -id  - 
national  states  of  the  ground  electronic  state  of  the  yuc  1*.  •  ies: 
p^  is  the  statistical  weight  which  approximately  takes  in;  ac  1 
the  multiplicity  of  the  ith  state.  Thus  we  have 

©;  =  «w  +  (®;„.  + r  ir.  a  -x  a  =  ;©>).  a©;.,.  ( ti  ■  1  ? 

S'r  =  SU,  +  (S»...,)Jt  +  R[ln(‘-4'.  +rFsTff]=  l&ix  +  ts- 


where 


6 "  ,?  Pxex?( 


l- A.  ...  ‘ 


T—  =  V,  — .  —  exo  —  v“ M 
i  irr  —  />*  kT  ‘  \  «r  wf 


'II.  -12) 


(II . 


J 


(OK0a.  sj.)  •  ana  (SKoji.Pi*)x  2re  tl’;e  vibrational  and  rotational  o.r 
i  • nts  of  the  thermodynamic  gas  functions  calculated  L .  any  »  -  thou 
without  regard  for  tne  excited  states  of  the  1r.0lecj.lt s .  t  •*  o->'- 

,  are  the  correct  lor  3  which  take  into  account  t:.-  w-ibn-.o 
^ o.-  .  1-  .’.;les  ir.  excited  «.  1<  ctroni-o  scatts. 

Tnc  corrections  and  ,  f  r  o-lted  elect*-  • 


ISO  - 


calculated  by  Eqs.  (II. 120)  and  (11.121),  may  be  made  more  accurate 
if  the  difference  of  the  oscillation  frequencies  u>q  and  of  the  ro¬ 
tational  constants  BQ  of  the  gas  molecules  in  different  electronic 
states  are  taken  into  account-.  Writing  down,  according  to  Eq.  (11.82) 

-t  •  «p(-  &•’»)•  <«  124> 

we  obtain  an  expression  for  the  corrections,  which  take  into  account 
the  existence  of  excited  electronic  states  (see  [175]): 

Pi  B<* 


6  * ,_?„.***  '  ’  (II- 125) 

A<J>Ii  =  R  In  (1  4-  (11.126) 

..  ..  tS  1  ..  ..  «V4 

AS*.  —  R  jin  (1  +  fiO  4*^  s  [ 

+  *Lv«l.  Pt  <1_ x) 

^  kT  ^oj 


r(HT~H4%  (//r -//,)<*> 
RT  ~  RT 


(-#’«)}■ 


(11.127) 

where  —L7^JQ?-JL  =  Tj~ln  (1 — z{)  may  be  found  using  the  tables  of  the 
thermodynamic  functions  of  the  harmonic  oscillator.* 

The  mhree  examined  methods  for  accounting  for  the  excited  elec¬ 
tronic  states  of  gas  molecules  in  calculating  thermodynamic  gas  func¬ 
tions  by  approximate  methods  have  a  different  accuracy.  The  condi¬ 
tions  under  which  the  application  of  each  method  is  most  efficient 
were  studied  in  the  paper  [1753*  Due  to  the  fact  that  the  contribu¬ 
tion  of  each  electronic  state  to  the  statistical  sum  over  the  intra¬ 
molecular  states  is  proportional  to  eXp^— ,  it  was  assumed 
in  the  paper  [1753  that  the  necessary  accuracy  of  the  calculation  >f 
the  component  of  a  given  state  depends  on  the  value  of  v$/7  •  In 
the  case  v^/7  >  8,0  »  providing  that  the  calculations  are  carried 
out  with  an  accuracy  of  0.0C1  cal/mole*degree,  the  excited  states  of 

diatomic  molecules  may  be  totally  disregarded  In  calculating  the 

v<o 

thermodynamic  functions  of  gases.**  In  the  case  of  8,0>  ^  4,5 

the  excited  states  may  be  taken  into  account  using  Eqs.  (II  120)  and 


-  l8l  - 


(11.121),  l.e.,  disregarding  the  difference  between  the  rokc  ilar 
constants  in  the  _tn  and  in  the  ground  electronic  states.  At 


vW/T<<-,5  ,  methods  must  be  applied  which  take  into  a'c..1 


the 


difference  between  the  molecular  constats  of  the  gas  in  t:.  'v  v 
and  in  the  excited  states;  at  v£>/T;>3,5  ,  a  sufficient  a  sc -rue;, 

attainable  by  calculations  with  (II.  126)- (II. 127);  in  the  case  ;f 
v'*)/r<3,5  ,  however,  the  Eqs.  (II.  lip)  and  (ll.llo)  must  be  un¬ 
it  should  be  noted  that  the  values  calculated  by  the  latter  equal 
are  hardly  less  accurate  than  the  calculation  results  by  imm.es  la  i 
summation,  until  the  application  of  the  approximate  metnod  of  cal 
eolation  of  InQ*.*.,.  -5>  and  7  d.ln is  ,’istified. 

In  cases  when  the  gas  molecules  possess  several  e\:-lteu  .'tv 

(■ ) 

differing  essentially  in  the  value  of  vjy',  the  .'.•mponens  v 
various  states  may  be  calculated  by  various  methods  oecei.din  _i 
value  of  if  the  components  of  all  excitea  states  :-.u .  be  - 

ken  into  account-,  by  means  of  corrections,  in  the  voiiu  ”  of  i,k.; 
k“)Y  i.e.,  by  means  of  Eqs.  (II.  126)-(II.  12  ,j  ,  the  co  i  _  Inf.  • 

1  A 


a  nd  i-S 


sum.ctioi'. 


of  (l  -  z.L)  =  (L  -  s  >:)  a  no  By 


,0) 


i  -  el 

for  some  states  does  not  present  difficulties.  In  similar  mn  . 
the  values  of  <$L  „„ cx?  {— for  Qyn  and  its  derivative  .  ' »  : 
meet  to  the  temperature  in  Eqs.  (II. lip)  3 no  (H.116)  •  rv  ne  r--1 
luted  for  some  states  by  immediate  summation  ur  tv  the  Gi=uqu-. 
street  method,  and  for  the  other  states  they  -ay  be  expressec  !■ 
of  M.  and  N.  (relations  (II.  117 )  ana  (11.118)),  l.e.,  fc/  appli<---i 
of  approximate  calculation  methods. 

Eq  ;&t  l.us  (11.126)  and  (11.127)  or  (II.  JX)  a:  o  (II.  ]'•*'.  n 

t-.  transformed,  however,  !r  the  cases  wh- r.  r  :x  value  2  '  C'i'i.. ...  ex;, 

no  f  Its  derivative  must  be  calculated  fvr  fveroi  •  :«'  mi- 

(  nllv  2-3  lot  or  states)  bv  immediate  s-.i: v  n;  I  c:-  ■  /  Eqs,  v-  . 


and  (11.118)  in  terms  of  and  N^j  the  components  of  the  higher 

excited  states  may  be  taken  into  account  in  the  form  of  corrections 

for  A$*  and  AS.  . 
el  el 

In  this  case,  Qvn  may  be  expressed  by  the  form 

Qmm  =  Qmoj L  >p  +  Qkom.  ap  *Xp  ^ Qko*.  *p  CXp  ^ -f-  •  .  •  + 

+  exp  (-  (JI- 128> 

v/here  oPf)  vr>  vr'  '**  are  ca^Gu^a^e^  by  immediate  summation  or 

in  terms  of  M^,  M.,  Mp.  — ,  and  all  other  electronic  states  are  in¬ 
cluded  into  the  sum  over  i. 

Let  us  denote 

<2&U  +  Ql£,.ptxp(-j~ v£)  +  Qra. sp exp (-£<')  + . . .  * 2'-  (II- 129) 

We  have  then: 


«--2T[>+%L  •  ?£• •  ip-  (-&*«)}■  <»• 130) 

v/here  the  sum  5?  contains  all  electronic  states,  the  components  of 
which  are  calculated  separately,  and  where  all  other  states  are  in¬ 
cluded  into  the  sum  over  i.  Hence,  we  have 

<2«*> 


lnQ„  =  a<2'+  in(l  +  ^p-&). 


(II. 131) 


Q&U.. 

1+-S—52-* 


Q<*> 

r  *  ffr 


«m.»pip  9  ,  ,  ®  tA/iW 


6  +  -g-T jfp  Qmojuap- 


Q?oa.  ip"® 

(r>» 


»  9  v.\ 

w  **/• 


(11.132) 


v/here 


=  T±Ql^..p  +  T±Ql&.a?  exp  -f . . . .  (II.  133) 


rr  36  V  ft  Xx)  *  j"  UlT  ^O^r.o  o  ,  Ac  (*V|  .... ..  f  Ac  (M 

TSf  “  f  Tx '  TT=^>  *  If  *  L - «f - kt - +  W  H  c”»*  V  kr  '«>) 


Xl.  13*0 

of  the 

gaseous  beryllium  oxide  at  T  =  5000°K.  According  to  the  data  Quoted 


Example.  Let  us  examine  the  calculation  of  4>  and  S  of  the- 
-  vn  vn 
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in  Table  23I,  the  BeO  molecule  possesses  three  excited  electronic 
states  with  energies  lower  than  50,000  cm”^.  At  T  =  5000‘K,  v.e 


have 


.  9234,3 


<)4  4Cin  7 

=  1,847;  -§•  =  «  4,239; -f-  =  7,824. 


In  accordance  with  the  realtions  cited  on  page  181,  the  comp 


nents  of  the  A  II  state  must  be  calculated  at  5000°K  together  with 
tl  ?  components  of  the  X^S  state  by  Eqs.  (11.115)  and  (II. 116):  the 
components  of  the  B^S  state  must  be  calculated  in  the  fort:  of  cor¬ 
rection^  by  Eqs.  (II.131)  and  (II. 132),  and  the  C^E  state  must 
disregarded  in  the  calculation.  On  the  basis  of  the  constants  of  BcO 
quoted  in  Table  231,  we  obtain  for  the  calculation  of  the  values  of 
I«C,  Ma#  Nx  and  Ha  in  Eqs.  (II.  117)  and  (II.  118)  by  the  Gordon-Barnes 
rethod:  fci  the  X1E  state;  6  =  2319- 5 &K;  x  =  7- 9539* If Q0  = 

=  0.42350-T;  ^  =  1.1571-10"2;  ~  1.3C-10-4;  dQ  =  4.2311 •10-6-T: 

fQ  =  7.28-10"12T2;  for  the  A*»:  state:  pa  =  2;  6  =  l646.0cK;  x  - 
=  7.3542.10"3;  q0  =  0.511944-T;  ^  =  1.200-10"2;  ^  =  1.49-30"4: 

>Jq  =  5-90*10~^T;  /-q  =  -1.72*10-12T2.  Assuming  these  values,  \  •-  f.  ■ 
tv  means  of  Eqs.  (11.117)  and  (11.118)  for  T  =  5u00°K;  ,  •-  . 

Ma  =  9-2405;  Nx  =  10.7119  and  NA  =  11.2370.  He  f?>d  the  values  f  h. 

•  and  by  Eqs.  (II.131)  and  (11.132),  where  the  ■ 

rion  regarding  the  B^E  state  is  calculated,  and  assuming  f  r  6  \  ’  • 

expression  (11.135).  Then  we  have:  6  =  0.00224;  T  —  -  i_6o; 

E'  —  exp  Mx  -r  2  exp  \M/>  —  ^  v^)  =  8097.78;  T  g  =  1)421.  0;  \ . 

-  6649.6;  T~  Qglup  =  12693-9;  %n  =  17.8841  +  0.0037  =  17.63/0 
ca l/mcle ‘degree,  and  S  =  22.6503  +  0.0272  =  22.6775  ca 1/molt -degr. 


§11.  GENERAL  RELATIONSHIPS  AND  COMPARISON  OF  THE  VARIOUS  CALCUL/iTIOi. 
METHODS 

In  ;;8,  9  and  10,  the  approximate  methods  of  calcs LatL"  •  m  •  v‘- 
bratlcnoi-rotational  components  of  thermodynamic  f'.r.ct  ‘  i  ..  1  - 

:  L  gases  were  examined,  as  \:e  ■  1  as  methods  which  ma.ee  't  ■  '  ih  • 


take  into  account  in  the  approximate  calculations  the  existence  of 
molecules  in  excited  electronic  states.  The  relationships  obtained 
in  §8-10  may  be  transformed  into  a  generalized  form  as  all  approxi¬ 
mate  methods  of  calculating  the  vibrational-rotational  components, 
excluding  the  Giauque-Overstreet  method,  differ  only  in  their  method 
of  calculating  the  corrections  which  take  into  account  the  deviation 
of  the  gas  molecules  from  the  rigid  rotator-harmonic  oscillator  mo¬ 
del. 

The  values  of  and  S°^  are  calculatet  by  Eqs.  (II.34)-(II.35) 
when  the  thermodynamic  functions  of  diatomic  gases  are  calculated 
according  to  the  method  of  Giauque  and  Overstreet.  The  values  of 
($?oa'.u p  and  for  each  electronic  state, necessary  for  the 

calculation  of  Qyn  a"d  7  ^  Q,„  in  Eqs.  (11.34)  and  (11-35),  are 
found  by  immediate  summation  over  the  vibrational  levels  according 
to  the  relations  (T1.4l)-(II.42),  where  and  ? JLQZ Ip  in 

turn  are  calculated  by  Eqs.  (II.36)-(II.37).  Qy  vr  and  T~Qqa p 
are  calculated  by  Eqs.  (II.44)-(II. 45)  if  a  finite  number  of  rota¬ 
tional  states  is  taken  into  account. 

The  thermodynamic  functions  of  diatomic  gases  must  be  calcu¬ 
lated  by  (11.34)  and  (11.35)  in  cases  when  the  relations  (11.115) 
and  (II. 116)  are  used  for  calculating  the  components  of  one  or  sev¬ 
eral  excited  states  of  the  gas  molec  les  The  intermolecular  compo¬ 
nents  of  the  thermodynamic  functions  in  Eqs.  (11.34)  and  (11.35) 
must  be  calculated  by  Eqs.  (II.115)-(II.U6)  or  (II.  131)- (II.  132) , 
depending  on  whether  or  not  the  fraction  of  the  excitec.  states  of  the 


gas  molecules  is  taken  Into  account  by  corrections  of  the  values  of 

<J>*  and  S  . 
vn  vn 

In  cases  when  the  vibrational-rotational  components  of  the  el¬ 


ectronic  ground  state  of  the  gas  molecules  are  calculated  by  other 


approximate  methods  (for  example  the  Gordon  and  Barnes,  Kassel,  Mayer 
and  Mayer-Goeppert  method  or  in  the  rigid  rotator-harmonic  oscillator 
model  approximation)  and  the  excited  electronic  states  are  taken  into 
account  by  corrections  of  the  components  of  the  electronic  ground 
state,  the  Eqs.  (11.34)  and  (11.35)  may  be  transformed  into  a  simpler 
form.  This  is  possible  since  the  thermodynamic  gas  functions  calcu¬ 
lated  by  approximate  methods  are  sums  of  both  the  appropriate  values 
of  the  rigid  rotator-harmonic  oscillator  model  and  of  corrections 
which  not  only  take  into  account  the  deviation  of  the  gas  molecules 
from  this  model  but  also  the  splitting  of  the  rotational  energy 
levels  in  the  electronic  states.  Thus,  the  equations  for  the  calcu¬ 
lations  of  vr  and  S1jCol  vr  may  be  represented  in  the  form 

4«M.sp  =  — I? Ins — l?ln(l — z)  +  R\npM  +  R in  2  -j- R\n A*  =  <£.* t Ol.j> -r 

-f-  R  lnpjf  *{■  R  In  2  -j-  R  In  An,  (H»  135) 

&-»***  =  /?  (In  1) — Rina — /?£ln(i  — z)  +  T^ Iu(l — z) J -f* R In pn  *r 

+  *f 4-  T^]-h  fl[ln  A„  +  =  S*.9  -f  Sr.„  -J*  R  In  pM  + 

+  /?[ln2+T^]  +  /?[lnAJf-t-r^InAif].  (11.136) 

where  $  .  and  S_.  are  the  components  of  the  rigid  rotator,  and 
zn«  x*  zn.  i* 

* 

$  and  S  are  the  components  of  the  harmonic  oscillator,  and 
g. o  g. o 

is  the  statistical  weight  of  the  electronic  state  (see  Table  Y). 

The  values  ln2  and  in  Eqs.  (IX.  135)  and  (II.130) 

or 

may  be  calculated  by  means  of  various  relations  depending  upon  which 
method  Is  used  in  the  calculation. 

These  relations  are  cited  above. 

For  the  Gordon  and  Barnes  method  (see  page  150)  they  are 


! 


I 

{ 


□ 


ln^  -  Ain  +  +  </«+ 2,54  +  /* +3“*r  In (1  —  a),  (11.137) 

1q2  +  In2  - ^2J+  4  2dt  +  7.54+  3/.  4  lr  (I  -  a)  4 

‘tmi^a(rjr  *n $«.«►  —  1  ‘“if’D*)*  (11.138) 

For  the  Kassel  method  (see  pagelSQ  they  are 

InS-slnS^/f/.  (11.139) 


In2  4  T --In  2  **  In  2  ///;  4 


(II.  140) 


For  the  Mayer  and  Gc eppert-Mayer  method  (see  pagel59)  they  are 
|n2  =  i-4  u->  (2 r  4  6t" 4  2a)  4  (3r  -  T**v*  -  2a)  4 
4  -g-  (-  3r  4  3t-*aV.  4  5x)— £x4^<T-  t‘/**,‘*  *1*  jr)  +  .  • (H-  141 ) 

In  £  4  Tgjr  In  2  =  a*1  (4r  4  J2fA  jr*A  4  4x)  4  (3t — 3t*a  x*a — 2x)  4 

4  4 2  '  “gf  (T —  iu*u+  x)  4  •  -  .  (11.142) 

For  the  rigid  rotator-harmonic  oscillator  model  approximation  (see 
page  16  3)  they  are 

In  2-0.  (II.  143} 

In2  4  T^rln  2  =  0.  (II- 144  ) 

The  expressions  2n2  and  rj=ln2  in  the  calculation  according 

oT 

to  the  Brounshteyn  and  Yurkov  method  and  other  methods  may  be  expres¬ 
sed  in  similar  manner. 

The  values  of  In  A*  and  T  —  In  A*  in  Eqs.  (II.  135)  and 

(II.I36)  are  corrections  which  take  into  account  the  splitting  of  the 

rotational  levels  in  the  case  of  multiplet  electronic  states.  The 

expressions  for  these  values,  on  the  basis  of  Eqs.  (II. 85)-(lI. 112) , 

have  the  following  form: 
p 

for  2  states 
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'■»**  — HiH-  Cn.«5)  O 

In  UiAx  =  0;  (II.  1 46) 

for  J2  states 


to  Am  =  £f#  (^Cmln)  -f-§-X  — |lj. 

(II. 147) 

!n  A,  -i-  T  ~  In  Am  =  0; 

(II. 148) 

for 

p 

n  states  (the  type.  Intermediate  between  the 

Hund  a  and  b 

cases ) 

In  Am  =  .In 

(II. 149)* 

-  - . 

In  Am  +  T  j^-In  A  m  =  s*; 

(II. 150)** 

for 

p 

n  states  (Hund  case 

In  Am  —  In  A  4*  . 

(II. 151)*** 

In  Am  +  T  In  Am  — 

(II. 152) 

for 

2H  states  (Hand  case  b,  regular  states) 

O 

1X1 A*  3 4.  * 

(II. 153)*** 

In  Am  +  gjrln  Am  —  0; 

(11.154) 

for 

2H  states  (Hund  case  b,  inverse  states)**** 

(II. 155) 

In  AM-r^^-In  Am  ="0; 

(II. 156) 

for 

3n  states  (Hund  case  a)**** 

InAM-^ft-^lnCx-f  ~  +  . 

(II.  157) 

In  -  In  c»- ^  •  Jf-i  A Jsh (§-|  A  l)  £  (^fr  ~a‘) :  (H- 158) 


for  states  (Hand  case  b) 

In  Am  =  (II.  159) 

In  A«  *r  T~r  In  Am  -  0.  (II.  160)  (  } 


-  -  ~ 
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The  final  expressions  for  the  calculation  of  and  P°m  (i1*  cal/ 

mole -degree)  assume,  on  the  basis  of  Eqs.  (11.34),  (11.35),  (II. 120)- 

-(II  127),  (H.135),  and  (II.  136),  the  following  form 

Or  =  1 ,98726  (-jp-  -b  lr.  2  4*  In  A*)  +  16.01544  Ig  T  +  C*  -f  AOm.  (II.  l6l) 

Sr  =  1,98726  (%*  +  In  2  +7'  +  In  A*  +  T  Jr  in  A*  )  -h  16,01544  \V  T  +  C5  *r  ASM*. 

KR  dT  or  J  (IX.  162) 

* 

where  4>  /R  and  S  VR  may  be  found  with  the  aid  of  the  tables  of 

6-0  S*  o 

thermodynamic  functions  of  the  harmonic  oscillator  as  functions  of 

A; 

C*  *  6.86376  Ig  M  —  7,28355  +  4.57584  lg  —  4.57584  Ig  o  +  4,57584  Ig  PM,  (II.  163) 
Cs  =  6.86376  lg  M  —  0,32809  -f  4,57584  lg  4,57584  Ig  0  +  4,57584  lg  pu.  (II- 164) 

In  cases  when  the  rotational  constant  of  the  gas  molecules  is 
unknown  but  their  interatomic  distance  is  well  known  or  may  be  esti¬ 
mated,  the  values  of  and  C&  may  be  calculated  In  terms  of  the  mo¬ 
ment  of  Inertia  of  these  molecules.  We  have  then  fox*  the  calculation 
of  and  C*,: 

Co  =■•  6.86376  lg  M  f  4,57584  lg  (/  105*)  —  4,57584  lga  -f  4.57584  Ig  pM  —  10.0519,  (II.  165 ) 
Cs  =  6.86376  lg  Af  ~  4.57584  Ig  V  ■  103*)  —  4,57584  lg  a  +  4.57584  lg  pM  -  3.0964.  (H.  i66-i 

0 

where  I  is  the  moment  of  inertia  of  the  molecule  In  g«cm  . 

In  calculating  the  thermodynamic  gas  functions  by  Eqs.  (II.161) 
and  (II. 162),  the  values  of  $  /R  and  S_  /R  are  calculated  by  in- 

g.  o  g , o 

terpolation  with  the  aid  of  tables  of  the  thermodynamic  functions  of 
the  harmonic  oscillator  as  functions  of  c/T.  It  is  necessary,  however,, 
to  remember,  that  the  values  of  3  have  a  different  sense  in  different 
methods  due  to  the  transformations  carried  out  in  the  deviation  of 
the  corresponding  equations  for  jn  ^  and  In  A In  A  .  Thus,  in 

the  Gordon-Barnes  method  they  are  0=z  —  ae  ;  in  the  Kassel  method 

k 

they  are  0—  ££«-  ,  and  in  the  Mayer  and  Goeppert-Mayer  method  they 

are  £ --  v  -  A  distinction  between  the  constants  ^  and  v 
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makes  no  physical  sense  when  the  calculations  are  carried  out  In  tht 
rigid  rotator-harmonic  oscillator  model  approximation.  If,  however, 
all  three  values  are  well  know,  they  must  be  assumed  in  the  calcula¬ 
tion  as  equal  to  (nQ . 

TABLE  9 

Comparison  of  the  Results  of  Calculating  the  Values  of  ,  and 

(bOJL  •  V 1/ 

ij£oi  vr  *>or  Electronic  Ground  State  of  by  Various  Methods. 


k 

T.*K 

- 2 - 

KrroA  Topao- 
U  *  Sapaee 
fypUMHI  a 
(U.52)- 

Meragi  Topso- 
m  at  Sspucc 

c  nonpatxoA 
l  ypa»* 

O  (tl.C0)I 

•Vi£TOJ(  KtC*  j 
cena  jypaase- : 
aas  (11.63)  — 
(11.70)1 

4 

Mctox  MaScpa  a  reonepr- 
MaSep  n 

_ _ i _ 

| 

npa62i:!«cij..c  ] 

JT4  ^KeCTKUa  Pi*raTOp— 1 
rapMoiiasecKWM  oc-  . 
aRjxji«Top  fypasnc* 
Mg*  (ii.S3>-(ii.s;>i  j 

O 

(ypasuciiaa 

(lt.'a-(i:.73)] 

fypa»uCN«« 

(11.74)— <11.73)1 

Q  a?.  XOA-MOAb/tpri 

j 

j 

288:15 

7,8026 

7,8625 

7,8625 

7,8625 

7,SU2o 

7,8io0 

'  7.S5-49  ? 

13.2596 

13.2595 

13,2595 

13,2579 

13,2537 

13,2583 

43,2235  ; 

rwm 

14.9422 

14,9422 

14,9421 

14,9400 

14,9234 

44,8733  i 

17.1876 

17.4875 

17.4873 

17,4840  j  17.46GS 

17,4690 

17,3210 

- 

10  ip.  KiulxaM-epad 

298,15 

9.8451 

9.8448 

9.8448 

9,8446 

9.814S 

9.9312 

9,8122  t 

3000 

16.3700 

16,3699 

16,3699 

16,3675 

16.3CC7 

16,3663 

15.2369 

5000 

18.4109 

18,4108 

18,3905 

18,3972 

18,2522  j 

10000 

21,3517 

21,3552 

21.3536 

21,3516 

21,2851 

21,2840 

20,9791  | 

- 1 

53)- 


Method  of  immediate  summation; 

method  of  Gordon  and  Barnes  [Eqs.  (II. 52)-(lI. 53) 3 ; 

method  of  Gordon  and  Barnes  with  correction  for  J  [Eqs.  (II. 

max  ^  v 

-(11.60)3; 

4)  method  cf  Kassel  [Eqs.  (II. 69)-(lI.70) ] ; 
method  of  Mayer  and  Goeppert-Mayer; 

[Eqs.  (II. 72)-(lI. 73)3; 

[Eqs.  (II. 74- (II. 75)  J; 

rigid  rotator-harmonic  oscillator  model  approximation  [Eqs.  (11.83) 

-(11.84)3; 

A*  _ 


3 

8) 


9)  * 


kol. vr’ 


ca i/mole • degree ; 


10)  Sj_nl  ,  cal/mole ‘degree. 
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TABLE  10 


Comparison  of  the  Results  of  Calculating  the  Values  of  vr  and 

^kol  v*  for  the  Electronic  Ground  State  of  Og  by  Various  Methods. 


• 

1  T  ** 

Z 

“I - 

Ueros 

Seuocpts- 

cnttuoro 

epoopo- 

mm 

2 

Kma  rcpao* 
sa  ■  Ejpuec 

(TLi2)~ 

(if«l 

Item  ropso- 
■a  e  Bapsec 
typaiBcnm 

ileroa  Kaoce- 
a*  lypauitens* 
— (I1.70i) 

4 

Mem  Matte 
Mai 

- £— 

lyoaaaeiisu 
U1./2)— (11.73)] 

mu  reauepr- 

=V— 

(yMUttMfl 

(iLT4)-m.75)] 

5“  j 

n?«64*KeitNe  Moje-  j 
am  sternest  pomTop-l 
rapMommccKMli  oc-  ] 
UMMTOP  (ypj»«e-  j 
ms  (tU3)-tU4(U]j 

• 

\ 

9  K*.  *p..  *ul*o»-*pad 

1 

298,15 

10,6594 

10,6940 

10,6940 

10,6938 

10,6933 

10,6672 

10,6849 

3000 

16,6102 

16,6115 

18,6115 

16,6099 

16,6069 

16,6049 

16,5390 

5000 

18,4321 

18,4372 

18,4372 

18,4356 

18,4249 

18,4223 

18,3001 

10000 

21,1195 

21,1894 

21.1332 

21,1623 

21,1144 

21,1071 

20,8(36 

10  *p..  KOA/MOM-ipC tC> 

■* 

293.15 

12,6798 

12,6835 

12,6835 

12,6845 

12,6845 

12,7564 

12,6799 

3000 

20,0227 

20,02-0 

20,02y 

20,0229 

20,0107 

20,0067 

19.8591 

-53 

22,1622 

22,1^5 

22,1715 

22,1663 

22,1289 

22.1216 

21.8599 

iOGOO 

l 

25,0169 

25,44^ 

25,4038 

25.3199 

25,1663 

25,1504 

24.6025 

1 

2 

3 

8 

8) 


Method  of  immediate  summation; 

method  of  Gordcr.  and  Barnes  [Eqs.  (II. 52)- (II. 53) ] ; 

method  of  Gordon  and  Barnes  with  correction  for  Jmax  [Eqs.  (11.59)- 

-(11.60)]; 

method  of  Kassel  [Eqs.  (II.  69)-(H.70)  ] ; 
method 


[Eqs. 

(H.72V 

(11.73)] 

[Eqs. 

(II.  74)- 

-(11.75)] 

9) 

10)  s 


rigid  rotator-harmonic 
-(11.84)3; 


oscillator  model  approximation  [Eqs.  (II. Si)- 


00 

Kol. vr’ 


kol. vr’ 


cal/mole -degree ; 
cal/mole -degree. 


A  comparison  between  various  approximate  methods  of  calculafc  lng 
the  thermodynamic  functions  of  diatomic  gases  leads  to  the  conclusion 
that  the  Gordon-Barnes  method  is  the  most  perfect  and  convenient 
method  of  application  in  practice;  it  Is  essentially  more  accurate 
than  the  Kassel  and  the  Mayer  and  Gceppert-Mayer  methods  due  to  the 
limitation  of  the  sums  over  \/  and  also  due  to  the  possibility  of  In¬ 
troducing  corrections  for  the  finite  value  of  J;  moreover,  it  is 
essentially  simpler  than  the  methods  of  Giaque  and  Overstreet,  and 
Brounshteyn  and  Yurkov.  These  circumstances  are  essential  for  caleula- 
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tion  of  the  tables  of  thermodynamic  functions  for  high  temperatures. 

As  ah  example,  the  results  of  the  calculations  for  N2  and  02  by  differ¬ 
ent  ^methods  are  quoted  in  Tables  9  and  10. 

The  application  of  auxiliary  tables,  compiled  during  the  prepa- 
ratl-'h  of  thi*’  Handbook,  for  the  calculations  according  to  the  Go^don- 
Barnes  method  make  it  possible  to  find  the  values  for  AlnQKoa, 

*\ 

■—  -2 

‘  v.  o*.  *  and  s  in  the  whole  temperature  range  by  means  of  a 
Simple  interpolation.  Owing  to  this  Tact,  the  calculations,  accord- 
ing  to  the  G^rdon-Barnes  method  differ  little  with  regard  to  their  ex¬ 
tent  from  these  according  to  the  Mayer  and  Goepperc-Mayer  method  which, 
in  spite  of  its  lower  accuracy,  is  the  fundamental  method  used  in 
foreign  literature. 

Division  3.  POLYATOMIC  GASES 

In  contrast  to  the  diatomic  molecules,  the  polyatomic  molecules 
dealt  with  in  the  Handbook  generally  possess  singlet  ground  electronic 
states  and  excited  electronic  states  with  high  excitation  energies. 
Hence,  one  may  in  most  cases  assume  th3t  the  statistical  sum  Q  over 
the  intramolecular  states  of  a  polyatomic  molecule  is  equal  to  the 
statistical  sum  over  the  vibrational  and  rotational  ssates  of  tnc- 
ground  electronic  state: 

_  -JKi3X  _  L  -1 

Qm  *=  Q«uu*p  —  2  (°1»  °J*  °3>*  *  •)  I  2  PjeXP  J_  •  (  XI.  lo7  ) 

*  J 

The  summation  over  jv  in  Eq.  (II.  167)  is  carrier  out  over  all  n,. 
oscillations  of  the  molecule  (nv  =  3N  —  5  for  the  linear  molecule,  and 
nv  -  3N  —  6  for  the  nonlinear  one,  where  N  is  the  number  of  atoms  in 
the  molecule),  and  the  statistical  weight  of  the  state  v, ,v0,v,,...  is 

Cj  J-  J 

equal  to  II  id  7\f~  (see  page  101).*  The  summation  over  J  Is 
carried  out  for  each  value  _v  of  all  n  vibrations.  The  energy  of  the 
vibrational  levels  Gq(v^,  vo>vy  . .  )  may  be  represented  by  Eqo.  (i.fo), 
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and  the  energy  of  the  rotational  levels  Fy(J ,  K)  by  one  of  the  Eqs. 
(l-55)>  (1.57 ),  (1.6l)  or  (1.60),  depending  on  th*3  type  of  the  mole¬ 
cule,  symmetric,  asymmetric,  and  spherical  top). 

On  the  basis  of  Eqs.  (II. 167),  the  intramolecular  components  of 
the  thermodynamic  functions  of  polyatomic  gases  may  be  assumed  to  be 
equal  to  the  vibrational-rotational  components  calculated  for  the 
ground  electronic  states  of  the  molecules  of  the  given  gas.  Appro¬ 
priate  corrections  must  be  inserted  in  the  rare  cases  where  the  mul¬ 
tiplicity  of  the  gound  electronic  state  or  the  presence  of  excited 
electronic  states  must  be  taken  into  account.  The  jethods  of  calcu¬ 
lating  these  corrections  are  examined  on  page  210. 

The  immediate  summation  over  the  energy  levels  of  the  polyatomic 
molecule  is,  in  principle,  as  well  as  in  the  case  of  diatomic  mole¬ 
cules,  the  most  accurate  method  for  calculating  Qvfi.  The  application 
of  this  method,  however,  is  impossible  in  the  case  of  polyatomic 
molecules  primarily,  because  data  on  the  energy  of  the  levels  are 
lacking,  with  the  exception  of  a  small  number  of  levels  with  low  va¬ 
lues  of  and  J,  and,  secondly,  due  to  the  total  lack  of  both  experi¬ 
mental  data  and  any  well  founded  conceptions  on  the  upper  limits  of 
v  and  J.  Immediate  summation  may  therefore  be  applied  for  the  cal¬ 
culation  of  Q  only  at  low  temperatures ,  when  the  summation  in  (II. 
167)  may  be  broken  off  at  low  values  of  v  and  J  owing  to  the  fact 
that  the  contributions  of  the  higher  states  to  the  statistical  sum  are 
sufficiently  small;  and  it  can  be  applied  only  to  a  small  number  of 
molecules,  whose  spectra  have  been  investigated  sufficiently.  TKe 
application  of  Immediate  summation  at  the-ce  temperatures,  however,  is 
inexpedient,  because  the  approximate  methods  under  these  condltiu.  s 
give  sufficiently  accurate  results.  The  calculations  of  tables  of 
thermodynamic  functions  of  polyatomic  gases  are,  therefore,  always 


carried  out  by  approximate  methods,  and  the  method  based  on  the 
rigiu  rotator-harmonic  oscillator  model  approximation  is  applied  in 
most  of  the  cases,  due  to  the  fact  that  data  on  the  anhanaonieity  con¬ 
stants,  on  the  interaction  between  rotation  and  vibrations,  on  the 
centrifugal  stress,  etc.,  are  lacking.  Owing  to  the  wide  prevalence 
of  this  method,  the  explanation  of  the  approximate  methods  of  calcu¬ 
lating  the  vibrational-rotational  components  of  the  thermodynamic 
functions  of  polyatomic  gases  begins  with  this  method,  and  then  fo¬ 
llows  the  discussion  of  the  methods  which  allow  for  the  anharmoni- 
city  of  the  vibrations,  the  interaction  between  vibrations  and  the 
rotation,  and  also  the  centrifugal  stress,  it  is  assumed  in  examina¬ 
tion  of  these  methods  that  such  effects  as  inversion  doubling,  inter¬ 
nal  rotation  and  excitation  of  vibrational  and  rotational  states  are 
absent.  The  methods  of  calculating  the  corrections  for  the  values  of 
the  thermodynamic  functions  with  regard  to  these  effects,  and  also 
the  formulas  for  the  calculation  of  corrections  due  to  the  multipli¬ 
city  of  the  electronic  states  and  the  presence  of  excited  electro¬ 
nic  states  of  the  molecules  are  described  after  the  statement  of  the 

approximate  calculation  methods.  General  correlations  for  the  ealcu- 

* 

1 at Ions  of  and  S  T  by  various  approximate  methods  are  quoted  at 
the  end  of  this  division. 

: 12.  APPROXIMATE  METHODS  OP  CALCULATION  OF  THE  VIBRATIONAL-ROTATIONAL 

COMPONENTS  OF  THERMODYNAMIC  FUNCTIONS 

Rigid  rotator-harmonic  oscillator.  The  model  of  the  rigid  rotator 
-harmonic  oscillator  in  the  case  of  polyatomic  molecules,  as  well  as 
in  that  of  the  diatomic  ones,  is  Identical  with  the  assumption  that 
the  interatomic  equilibrium  distances  do  not  depend  on  tic  vibrational 
and  rotational  quantum  numbers,  and  also  that  no  anhan.onlclt ■  ->f 
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>Htration  and  no  interaction  between  vibrations  and  rotations  take 
place.  Moreover,  the  vibrations  do  not  dependon  each  other  in  che  ap¬ 
proximation  in  question.  The  statistical  sum  over  the  vibrational  and 
rotational  states  in  the  rigid  rotator-harmonic  oscillator  model 
approximation  (Q  .  )  may  be  written  down,  as  well  as  in  the  case 

of  diatomic  molecules,  as  a  product  of  the  sum  over  the  vibratioi  al 
states  Qg  0  and  the  sum  over  the  rotational  states  r: 

Qx.p.r.o  =  QK.p  Qr-0.  (II.168) 

The  value  GL  of  a  polyat  imic  molecule  may  be  written  down  in  a 
g.o 

general  form  as  follows: 

Qt. »  —  tup  f — Go  (Bit  tij,  Oj,  .«.)!•  (XX.  169) 

where 

*  -ln(is±<L zH 

— JLI  oj(d.—iy.  • 

* 

In  the  approximation  in  question,  the  vibrations  do  not  depend  on 

each  other,  and  therefore,  Q  may  be  expressed  as  the  product  of 

g.  o 

the  sums  over  the  states  of  the  individual  harmonic  oscillators: 

•mu*  SmB  f  he  1  *3mMX  t  f-  T 

2  ^.expL  if  ®1”1] '  2  2  pr.txp[~ir^v*\'  - 

°*  ■*  *  •  (11.170) 

The  number  of  sums  in  Eq.  (11.170)  will  be  smaller  than  the  num- 

Ad 

ber  of  normal  vibrations,  3N  —  6,  of  the  molecule  by  2  {<& — i). 
where  a  is  the  number  of  the  degenerate  vibrations  of  uhe  molecule, 
and  d^  is  the  degree  of  degeneracy  of  the  kth  vibration,  due  to  the 
fact  that  the  expression  for  Gq(v)  contains  only  vibrations  with  dif¬ 
ferent  values  of  frequencies.  As  was  noted  in  §3,  the  statistical 
weights  of  the  nondegenerate,  two  and  threefold  degeneral  vibrations 
are  equal  to  1,  v.  +  1,  and  —  ~ HJZt Zlj  ,  respectively. 

If  we  assume,  that  the  upper  limits  of  the  sums  over  v  are  in- 


finite,  the  sum  over  the  vibrational  states  of  a  polyatomic  molecule, 
equal  to  the  product  of  the  sums  over  the  states  of  harmonic  oscu¬ 
lation*  will  have  the  form 

<2r.o-U(l 


(11.171) 


where 


2*  =  ex?(—  jfWn),  (II.17  2) 

and  dn  is  the  degree  of  degeneracy  of  the  nth  vibration. 

The  appropriate  components  of  the  thermodynamic  functions  will 
have  the  foiro 

—  **).  (11.173) 

=  —  R  2  d«[  to  (1  —  in)  T  T  ~r  In  (1  —  zn) j .  (II.  174 ) 


Thus,  each  of  the  values  of  '*>  and  „  is  a  sura  of  the  correspond- 

£• O  O 

ing  components  for  n  harmonic  oscillators.  These  components  may  be 
found  by  means  of  the  tables  for  the  thermodynamic  functions  of  the 
harmonic  oscillator  (see  pagel65). 

The  expression  for  Qzh  r  will  be  different  depending  on  the  type 
of  the  molecule. 

For  linear  molecules,  it  is 

(XI- 175) 

i.e.,  it  is  identical  with  the  expression  for  Q  ,  for  a  diatomic 

zn*  r 

molecule  (see  pagel65),  and,  in  the  case  of  nonlinear  molecules,*  it 
is 


(ii. 176) 


where  2  Is  the  symmetry  number  of  the  molecule,  and  A,  B,  C,  are  the 
rotation  constants. 

Let  us  keep  in  mind  that  in  the  case  of  nonlinear  molecules  of 
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the  type  of  the  assymmetric  tops,  all  three  rotational  constants  are 
different,  in  the  case  cf  molecules  of  the  type  of  symmetric  tops, 
two  of  the  three  constants  are  equal  to  each  other,  and  in  the  case 
of  molecules  of  the  spherical  top  type,  all  three  rotational  constants 
are  equal  to  each  other.  In  the  derivation  of  Eqs.  (XX. 175)  and  (XX. 
176)  it  was  assumed  that  -  00 • 

The  symmetry  numbers  Z  of  the  various  point  groups,  to  which 
polyatomic  molecules  may  belong,  are  quoted  in  Table  11. 


TABLE  11 

Symmetry  Numbers  of  Molecules  of  Various  Point  Groups 


1)  Point  group  of  the  symmetry;  2)  symmetry  number. 


The  components  of  the  rigid  rotator  in  the  thermodynamic  functions 
may  be  calculated  for  linear  molecules  by  the  formulas 

=  4.57584  lg  7  —  4.57584  Ig  B  —  4.57584  Ig  a  -J-  0.7230.  (II  .177) 

5*.  p  =  4,57584  lg T  —  4,57584  I g £  —  4,57584 lgcr  +  2.2643  (II.  178; 

and  for  nonlinear  molecules  by  the  formulas 

6,86376  Ig  T  -  2,23752  Ig  (ABC)  -  4,57584  Ig  o  -r  0.0528,  (II.  179) 

5».p=  6,86376  Ig  T  -  2.28792  lg  (ABC)  —  4,57584  igcr+  3,0339.  (II.  l80) 

In  the  case  in  which  the  calculation  is  carried  out  using  the  values 
of  the  moments  of  inertia  and  not  those  of  the  rotational  constants, 
the  formulas  (II.177)-(II.l3C)  may  be  represented  as  follows: 
for  linear  molecules 
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,  Oi. ,  -  4,57584  lg  T  +  4,57584  lg  (/  -10“)  -  4.57584  !g  s  -  2,7683.  (II  •  l8l ) 

-  S*.,  -  4,57584  ig T  +  4,57584  lg  (/•  10»)  -  4,57584  lg  e  -  0.7810;  (II.  182} 

for  nonlinear  molecules 

6.86376  IgT  +  2,28792  lg  (IAIB/C  10u7)  -  4.57584  lg  o  -  3.0152,  (II.  183) 

~  6,85376  Ig  T  +  2.28792  lg  (7^/b/c  10*”)-  4.57584  lg  e  -  0,0341.  (II.  184) 

where  I,  IA'  V  IC  are  the  principal  moments  of  inertia  of  the  mole- 

'r4  2 

cule>  expressed  in  g*cm  . 

* 

Example.  Let  us  examine  the  calculation  of  the  values  of  $kol  vr 
and  Skol  for  C02  and  HgO  at  5000°K  in  the  rigid  rotator-harmonic 
oscillator  model  approximation. 


According  to  the  values  of  the  molecular  constants  of  COg,  quoted 
in  Table  132,  we  have  v1  =  1341-5^  cm-1;  =  667.26  cm-1;  -- 

=  2349.16  cm”*1';  Bqqo  =  0*39021  cm”1,  and  o  =  2.  On  the  basis  of  these 
values  we  have  y.  a  —  fSO-047 ;  .  By  means  of  the 

tables  of  thermodynamic  functions  of  the  harmonic  oscillator  we 
find:  1,1385;  -§•=*  1.7447;  £  -6,7106;  1,9580;  2.6517;  1.41C4 

and  we  calculate  by  Eqs.  (II.177)-(II.178)  r  =  l8.l4l6  cal/mole* 
•degree,  and  Szh  r  =  19. 6829  cal/mole -degree,  and  finally,  for  CO^ 
at  5000°K: 


CWt?=  1,93725  (1,1385-1  2.1.7417-1-0,7103}  -1-  18,1415  -  28,7503  cal /mole -degree 
S«0*. «  1.93723  (1,6580  -r  2-2.6517  4-  1.4104)  +  19.6829  -  36,9160  cal/mole- degree 

According  to  the  values  of  the  molecular  constants  of  H^O,  quoted 

in  Table  33,  vx  =  3656.65  cm”1;  vg  =  159^.78  cm”1;  v3  =  3755-79  cm”1, 

ABC  =  3755.36  cm”^,  and  a  =  2.  By  means  of  the  tables  of  thermodyna- 

© * 

mic  functions  of  the  harmonic  oscillator  we  find:  ~~  =  0,4295  ; 

=  0.9S9S;  =  0,4145;  =  0,93-10;  -  1.7878;  |  =  0,9596  ;  we  calcula  te  by 

means  of  Eqs.  (II.  179)-(II.l80)  4>*h  =  15.8856  cal/mole- degree, 

S„,  ,,  =  18.8667  cal/mole* degree,  and  we  finally  obtain  for  H^O  at 
5000°K: 
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CW.P=  1,93723  (0,4295  4-  0.9925  4-  0.4145)  4-  I5.8S55  =  19,5493  cal/mole ‘degree 
S««..p  =  1,98726  (0,9940  +  1,7876  4-  0,9325)  4*  18,8657  =  26,3213  cal/mole  ‘degree 
The  Gordon  method.*  A  method  similar  to  the  Gordon  and  Barnes 
method  for  diatomic  molecules  (see  page  150),  in  which  corrections  for 
the  anharmonicity  of  the  vibration  and  the  interaction  between  the 
rotation  and  the  vibrations  are  calculated  by  means  of  auxiliary 
tables,  may  be  used  for  the  calculation  of  the  thermodynamic  func¬ 
tions  if  the  constants  of  the  anharmonicity  and  of  the  vibrational- 
rotational  interaction  of  polyatomic  molecules  are  wel1  known.  The 
corresponding  formulas  for  the  calculation  of  the  viera tional-rota- 
tional  components  of  tne  thermodynamic  functions  of  gases  whose  mo¬ 
lecules  do  not  have  degenerate  vibrations,  were  obtained  by  Gordon 
[l800]: 

taQ«oji<«)4-  In^fp — In  a  4-  2  4-  2^**®i*4-  2  2  cm*  v»vm  4- 

•**-*  *  4-1  «*•»  4-m>4 


4*  2  2  Hmj?*  °m  +  n*  fa  A  +  23S  4" 

4-lM>« 


f4fa 

<*c“ 


(11.185) 

ga  9a  I) 


2  ^TT1  +  In^+  4-  -  +  2  «i+  2  4 

V— 1  "  Wl  .1-1 

4-2  2  C4»{S,OntW.-»«»«)  4-2  2  y«.(^4-SmO«  — 2».Fm)}.  (II.  186) 

S  __  _  _  n 

The  values  In  ,  and  s^are  found  for  each 

vibration  by  interpolation,  using  the  tables  by  Gordon  and  Barnes  in 
the  same  manner  as  n  the  case  of  diatomic  molecules,  as  functions 
4?  =  !•(([),— x«)  =  and  x«  =  ------  (the  values  of 

and  S*oal»)  JR  are  found  by  means  of  two  tables  for  each  one  (see 
page  15«9.** 

The  other  values  entering  into  Eqs.  (II.l85)-(II.l86)  are  found 
by  the  formulas 
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PIP 


s;* 

'+ 

4 


•i  • 


*  /* 

i\a 

Af  \/ 

tej  1 

(II.  187) 
(II.  188) 


H 


<*?<*?•  .  afac 


P«“T\  Ha 


ja^a® +  a^af  ,  ,  a?#S  +  BX  ,  o 

a«am  ,  .  «£<£  I 

V  12T  +  T  55  *  3 

L  As  T  B*  T  C*  j 

y*m  =  —WX*-  (n<m)’ 


aA  ~  kT  *»’ 

he  n 

aa  “  ir5s’ 
.  he  f% 

c  *fL#‘ 


(II.  191) 

(11. 192) 

(11. 193) 

(11. 194) 


The  symbols  in  these  formulas  mean:  cu.^  is  the  oscillation  frequency 
xnm  are  the  a^armonici'ty  constants;  AQ,  BQ,  CQ  are  the  rotational 
constants,  a£,  a®,  are  the  constants  of  the  vibrational-rotational 
interaction  (see  §4). 

On  the  basis  of  Gordon’s  paper  [1803],  formulas  may  also  be 
obtained  for  the  calculation  of  the  vibrational-rotational  components 
of  thermodynamic  functions  of  gases  whose  molecules  are  linear  and, 
therefore,  possess  degenerate  vibrations  (neglecting  the  centrifugal 
stress) : 

«W  W  -  R  [  2  In  <W  w  +  ln?, +3^  — Ina  +  +  2^  + 

+  2  2  cJti.+  'S  2  »„5.5.  +  2t«+2“J1-  <m-  05) 


M>* 


w-Rrs%a+ta«.+|-ino+  s«.«.+ smi+ 

L*-i  *  *-i  «-* 

+  2  2  S  2  (s»o*" + *»»a« — + 

*"* W>* 

A 

The  following  denotations  are  used  in  these  formulas: 


(II. I960 
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O 


(  ) 


bM  **  a\. 


**—&<*-  +  *"*• 


(11.197) 
(II.  198) 
(II.  199) 
(II.  200) 


The  values  In  Qkmm.  v„,vi,  s„  and  s^  for  nondegenerate  vi¬ 

brations  may  be  found  by  means  of  interpolation,  using  the  same  tables 
as  in  the  case  of  monatomic  and  diatomic  molecules,  as  a  function  of 
x  fl/T  and  x.  Gordon  [1803]  compiled  for  double  degenerate  vibrations 
tables  of  the  values  of  In  Qkol,  v,  and  v  for  the  range  0,6  <-^-<4 
with  0.1  intervals;  for  the  range  0<x<  0.020  with  0.002c,  intervals, 

to  0/ T  =  1.0  and  for  the  range  l,0<~-<4  with  0.005  intervals.*  The 

o 

values  of  skol/R,  s  and  s  for  twice  generate  vibrations  are  not  listed 

2 

in  Gordon's  Tables.  The  values  of  Qkol*  v,  and  v  vere  calculated 

again  on  an  electronic  computer  and  completed  by  the  values  of  skol/R 
- 

s,  and  s'  during  the  preparation  of  the  present  Handbook.  These  tables 
are  compiled  in  0.01  steps  in  the  range  0,05<fl/T<6  ,  and  in  0.001 

steps  in  the  range  0  <  x  <  0,025  «**  The  values  of  In  Qkoi(n)  and 

Skol(n)/R  for  twice  degenerate  vibrations  as  well  as  those  for  non¬ 
degenerate  ones  may  be  found,  using  the  new  tables,  as  a  sum  of  two 


components:  The  component  of  the  harmonic  oscillator,  and  the  correc¬ 
tions  for  anharmonicity.  In  contrast  to  nondegenerate  vibrations,  the 
double  values  of  the  components  of  the  harmonic  oscillator  must  be 
taken  in  the  case  of  double  degenerate  vibrations. 

The  method  by  Gordon  for  the  calculation  of  thermodynamic  func¬ 
tions  of  polyatomic  gases  assumes  that  the  sums  over  the  vibrational 
states  in  the  expression  for  Qko2  ^  possess  finite  upper  limits,  and 
that  the  maximum  values  of  the  vibrational  quantum  numbers  are  deter¬ 
mined,  as  well  as  in  the  case  of  diatomic  molecules,  for  each  vibration 
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by  the  reJp.tion 


ft.  mu  ~ " 


(11.201) 


J  „  *  <*>■  is  assumed  in  the  statistical  sums  over  the  rotational 
max 


state's." 


*.  Let  ui  examine  the  calculation  of  the  values  of  $ 


■EAA6uupo.tr •  jucu  us-  cAtuuguu  one  waguuga  tiuii  wi  uuc  vaguer  pa  yj. 

and  ^kol  vr  ^or  ®°2  5000°K  using  the  Gordon  method.  According  to 

the  valiles  of  the  molecular  constants  of  C02  quoted  in  Table  132,  we 

have:  =  137.26  cm  ;  co2  =  667*77  cm“'L;  =  2374.07  cm“x; 

0,  '  1938,(0.  o*  9C0.5S. 

T  ~  T  ’  T  1=3  T  ’ 

;  ^  -  0,0016329;  x3  »  0,001 1231 ;  x3  =  0,0052484;  ft  =  1 .781568  -7; 

1  0,18710.  .  _  1Q96.10-«T.  _  2.042CS .  _  S/CS7S .  _  2G.6C979  . 

3^  “  Y  »  “•  ituyo  *u  i  t  yt  T  *  7*  •  ~  2*  » 

ft,  ;  ol=2,7S344  •  10~3;  ft=  —1 .87084  •  10“3;  a3= 7.86776-  10  s;  ft,= 7,80331  -  i0*‘; 

«  3.50004  •  10~*;  5*,  -  6,19016  - 1  O'4;  cu  =  -  1,04521  •  10**;  =  4,39562  -  10  s; 

2,94385. 10-». 

At  5000 °K,  we  have  ft  =  89G7.9;  -  0,0000;  ft,  =  0.GG55;  yt  =  —  0,00041;  yIS  = 

=—  0.00109;  ytt  -  0.00533;  y„  =  0,00359. 

In  the  tables  of  the  thermodynamic  functions  of  the  harmonic 
oscillator  we  find:^-r=  1,1353;  —  1,7442;  -—-  —  0,7034;  1.95-10:  4r  =  2,0512 


A  =  1.4004 


of  the  values  of  AlnQ*OJ,  — ^p2-.  ft  a*.  £  s*  (as  functions  of 

6/T  and  x)  for  nondegenerated  vibrations  we  find:  A  In  —  0,0035; 


Ain  Q* 


as  functions  of  6/T.  In  the  tables 


v,  a2,  s,  & 


A  In  «  0.0154  J  ft  -  2,158;  ft  =  1 .059;  ft  =  11,60;  ft  =  3.43;  — =^-  =  0.0175; 

=  0.0327;  i,  =  4,809;  s,  =  2,581;  3  =  34  45;  ft  =  11,57  •  In  similar  tables 


for  double  degenerate  vibrations,  we  find:  A  In  QK04 u>  =  0,03-15; 


A  « 


v:  -  157.57 


-  =  0,0732;  s,  —  21,058;  ft  — -  503,47  *  II  we  substitute 


all  the  required  values  into  Eqs.  (11.195)  and  (11.196),  «?  finally 


obtain  for  5000° K: 
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aw  .p  =  1 ,98725  (1.  1438  4-  3,5230  +  0,7183  +  9,00 *7  4-  0,0000  -  O.C931  4-  0.0055  4 
4-  O.OOSO  4-  0,0084  -  0.0184  4*  0.0001  +  0,0005  4*  0,0002  -  0,0002  +  0.C0Q1  — 

—  0,0003  —  0,0229  +  0,0123  4-  0.0378  —  0,0248)  «  27,4075  cal/mole  •  egr 
S«m.  ,P  =  1.98726  (1,9715  4-  5.3756  4*  1.4331  4-  9,0947  4- 1  —  0,6931  4-  0,0110  -r 
•  +  b.0134  -  0.0394  4*  0.0203  4-  0,0003  4-  0,0018  4-  0.0007  -  0,0007  4-  0.0004  - 
'  —  0,001 1  —  0.0542  4-  0.0324  4-  0,0965  —  0,0523)  =  36, 1898  cal/mole  •  degree 

The  Kassel  Method.  Kassel  [2332]  proposed  the  following  equation 


n  _ 2? - 

(W. »p **  8  (i  — (t— /*)*(*  — **) 


(11.202) 


for  the  calculation  of  the  vibrational-rotational  stain  of  triatomic 
linear  molecules.  The  correction  a  may  be  calculated  by  the  formula 


where 


a-  S  V (i  4-  /  4r  *  >  0), 


!  2  7/— «.  /— P.  *-»> 

i-8. 


(11.203) 


(II. 204) 


CaPY  are  the  coefficients  for  the  expansion  of  the  exponentials, 
which  contain  the  anharmonicity  constants,  into  a  Taylor  series: 


expfS  2  ( — tr~  x*"v*°**)]  “  S  C^Totoj»I;  (11.205) 

*■  •  m>»  ' 


thus. 


Cm  ~  1. 

c  Cm*  =  Cm  ~  0. 

Cm  "• 

Cm - Wxu. 

C—  a _ —  x  • 

the  values  of  r  are  determined  by  the  following  relation: 


r*.*.l*=  2 


(11.206) 


where 
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Mr 


10*i  + 

15 

S*i~  8*» 
15 


M*~  ?*»  Mtr=Lkit 

*.  =  p  -f  J_  k  J 

,  *  *  *+*• 

*  =  #*»• 

The  quantities  L  in  Eq.  (11.206)  are  coefficients  of  the  series 

obtained  after  expansion  of  B  with  respect  to  the  powers  of  v: 

V1V2V3 


r.  _  ft>-H»+6)i 

a!  Cf  d(C4o+')  » 


i*e« 


\.LV 


3l 


1(1  ft  £! 

/  —  afn 


(11.207) 


-1«*  ^  •  *-110 

The  quantity  H.yk  in  "the  expression  (11.203)  has  the  form 

U‘l  r,  A  .  (11.208) 

where  f  and  f  (the  upper  symbol  to  the  right  denotes  the  num¬ 
ber  of  vibrations)  correspond  to  nondegenerate  vibrations  and  are 
calculated  by  means  of  the  equations  cited  on  page  I57  for  diatomic 

molecules;  p(2^  corresponds  to  the  degenerate  vibration  and  is  equal 
J 

to 

Ff  =  (/1+x  +  fT)  (i  —  ( 11.209) 

The  definitive  formulas  for  the  calculation  by  the  Kassel  method 
of  the  vibrational-rotational  components  of  the  thermodynamic  func¬ 
tions  of  gases  consisting  of  triatomic  linear  molecules  may  be  repre¬ 
sented  as  follows: 

(IX.  210) 


Ok 


=  Oa 


-r  R  In  c. 


Smaa.  »p  —  S*.  p.  r.  •  4"  R  (h  °  T  ^  In  <*j  • 


(11.211) 


where  $ 


zh.r.g.o 


and  S 


zh.r.g.o 


are  the  corresponding  components  cal¬ 


culated  in  the  rigid  rota tor -harmonic  oscillator  model  approximation. 
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and 


i  ■ 

V  '• 


A  +  . 


(11.212) 


where  A  =  1  —  a. 

In  the  Kassel  method,  the  upper  limits  in  the  sums  over  v  and 
J,  as  well  as  in  diatomic  molecules,  are  assumed  as  infinite. 

The  method  of  Pennington  and  Kobe.  The  method  of  Pennington  and 
Kobe  [3221]  for  the  calculation  of  thermodynamic  functions  of  poly¬ 
atomic  gases  is  applicable  for  both  linear  molecules  and  for  mole¬ 
cules  of  the  type  of  symmetric,  asymmetric  and  spherical  top,  and 
it  allows  for  the  anharmonicity  of  the  vibrations  and  also  for  the 
interactions  between  the  vibrations  and  the  rotation.  The  formula 

X* 

for  $kol  ^  for  the  calculation  by  the  Pennington-Kobe  method  has 
the  form 


<£<*..„  =  ©Lp.r.o  +  (dn  +  I)  X„„V.-r  5  Ani.  (II.  213) 

"  «  ><n  -* 

where  dn  Is  the  degree  of  degeneracy  of  the  nth  vibration. 


(11.214) 

(11.215) 


c<p„  are  the  functions  “  ~  v„  :  v„  ir  the  fundamental  frequ- 

—1  k 

ency  (in  cm  )  of  the  nth  vibration;  the  values  of  qpR  are  tabulated 

in  the  paper  by  Pennington  and  Kobe  for  the  values  of  *=-.  v* 

from  0.20  to  10.00  and  for  k  from  1  to  11;  rn  is  the  function  of  the 

constants  of  interaction  between  the  rotations  and  the  vibration;  the 

\alues  of  rn  for  molecules  of  different  types  are  determined  by  the 

following  relations: 


I.  Linear  molecules :  rm  —  bm  *,L  b\. 


.  Spherical  tops : 


(II.  216) 
(II.  217) 


II 
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(11.218) 


III,  Symmetrical  tops;  rm  —  + 

*  o 


IV.  Asymmetrical  tops:  u  =°" -f-  fi+Jf** f* .  (II.219) 
b^,  cn  in  the  formulas  (II.2l6)-(II.?19)  are  the  coefficients  of 


the  developments 


*“  ^080  —  Sa4C*,  as  Bm  —  26*0*. 

*“  £wa  —  2c*o«, 


i«6a  | 


a2  l  aa  aH 

“•=-ST;  a^; 

The  formulas  cited  made  it  evident  that  the  Pennington-Kobe 
method  is  essentially  an  expansion  of  the  Mayer  and  Goeppert-Mayer 
method  on  polyatomic  molecules  and,  therefore,  it  does  not  possess 
advantages  with  regard  to  accuiacy  of  the  calculation  in  comparison  * 
with  the  Kassel  method,  and,  moreover,  with  the  Gordon  method. 

Allowing  for  centrifugal  stress.  It  was  assumed  in  the  approxi¬ 
mate  methods  of  calculation  of  the  vibrational-rotational  components 
of  the  thermodynamic  functions  of  polyatomic  gases,  cited  above, 
that  a  centrifugal  stress  of  the  molecules  caused  by  rotation  is  ab¬ 
sent.  The  effect  of  this  phenomenon  on  the  energy  of  the  rotational 
states  is  insufficiently  investigated. 

A  method  to  take  into  account  the  centrifugal  stress  of  poly¬ 
atomic  gases  was  for  the  first  time  developed  in  a  general  form  by 
Wilson  [4287],  *ho  proposed  for  the  statistical  sum  over  the  states 
of  a  nonrigid  molecule  an  expression  of  the  form 

Q*.p<H-Pi7%  (11.220) 

where*  r  is  the  statistical  sum  over  the  states  of  the  rigid  ro¬ 
tator,  Is  a  constant  which  characterizes  the  centrifugal  stress 

of  the  given  molecule  during  rotation. 
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Khachkuruzov  and  Milevskaya  [448]  have  shown  that  the  equation 
(11.220)  is  a  first  approximation,  and  that  the  expression  in  the 
parentheses  must  be  completed  by  terms  which  are  proportional  to  a 
higher  power  of  T: 


Q»p  —  Qm.  p  (1  +  PtT  -f*  pjT*).  (11.221) 

Based  on  Eq.  (11.221),  the  corresponding. components  of  the 
thermodynamic  functions  have  the  form 


=  ©*.  p  4;  /?  In  (1  -f  +  PjT2),  (H*  222) 

s^, + «[in (i  +  p,t  +  f,v)  + 1 ¥as%£r]-  (II,223) 

In  the  case  of  linear  molecules  and  of  molecules  of  the  type  of 
spherical  top,  as  well  as  in  the  case  of  diatomic  molecules  we 
have 


P»  = 


Pa  *» 


(11.224) 

(11. 225) 


where  dQ  is  immediately  referred  to  the  constant  DQ  of  the  centri¬ 
fugal  stress  of  the  molecule: 


<4  = 


2 Da  iT 


he  * 


Substituting  (11.224)  and  (11.225)  into  the  Eqs.  (11.222)  and 
(11.223)  and  expanding  the  expression  In  (1  +  p-^T  +  p2T^)  into  a  po¬ 
wer  series,  one  may  obtain  more  simple  formulas  for  allowance  for  the 
centrifugal  stress  in  the  case  of  linear  molecules  or  of  molecules 
of  the  type  of  spherical  top: 


<fcp  =  ©!*.  p  +  *  (d0  +  2.54),  (rI-  226  ) 

$.p  =  $*.  p  -r  R  (2do  4-  7.54).  (II.  227) 

Yungman  [474]  has  shown  that  in  the  case  of  symmetrical  tops  the 

constants  p.,  and  p0  may  be  expressed  by  the  constants  DT,  D™  and 
Dk  of  the  centrifugal  stress: 
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P'  “  T  V  [ -^ +  sk  (^  +  4r«4+  7T <D'  +  °«  +  D*>]  •  (lI-228) 
* -  4  (v)'  [v  ■ 05 + ^°’ + d,Dik)  •t-i^r<63!+ WjD* + 6D'°«) + 

+  •—-  (20}  +  D3k  +  20,0*  +  3DjDjk  +  DjkDk)  +  it  (Dj  +  £>„  +  0*)*].  (11.229) 

The  constants  of  the  centrifugal  stress  are  unknown  for  molecules 
of  the  type  of  asymmetric  top.  Wilson  [4287]  proposed  a  method  of 
calculating  the  constant  p.^  in  Eq.  (11.220)  in  terms  of  the  values  of 
the  fundamental  oscillation  frequencies  and  the  moments  of  inertia  of 
the  molecule.  Khachkuruzov  and  Milevskaya  [448]  improved  and  general¬ 
ized  the  Wilson  method  and  developed  similar  relations  for  the  cal¬ 
culation  of  the  constant  p2.  These  are  not  cited  in  this  Handbook  due 
to  their  cumbersome  form,  and  they  may  be  found  in  the  papers 

[4287,  448,449]. 

§13.  ALLOWING  FOR  THE  INTERNAL  ROTATION  OF  MOLECULES  IN  THE  CALCULA¬ 
TION  OF  THERMODYNAMIC  FUNCTIONS  OF  GASES 

There  exist  a  great  number  of  molecules  in  which  internal  rota¬ 
tion  of  separate  atom  groups  (CHy  NH^,  OH,  for  example)  takes  place 
around  the  single  bonds  which  connect  these  groups  with  the  remaining 
part  (the  frame)  of  the  molecule.  Such  a  rotation  is  termed  internal 
rotation,  and  the  rotating  atom  group  is  termed  a  top.  The  internal 
rotation  is  rarely  absolutely  free:  in  most  cases  a  deceleration  takes 
place  due  to  the  interaction  between  the  atoms  of  the  top  and  of  the 
frame,  and  this  retardation  is  so  intense  at  low  temperatures  that 
the  too  performs  torsional  oscillations  around  the  equilibrium  in¬ 
stead  of  rotation.  At  high  temperatures,  the  internal  rotation  of  the 
separate  groups  is  almost  free. 

The  potential  function  of  the  internal  rotation  must  be  known  in 
order  tc  calculate  the  thermodynamic  functions  in  the  presence  of  a 
re+arded  internal  rotation.  Pitzer  and  Gwinn  [3259]  had  shown  that  in 


-  208  - 


the  case  of  a  symmetrical  top  this  function  may  be  represented  in 
good  approximation  in  the  form 


y«-i-y#(i_cos*9).  (11.230) 

where  VQ  is  the  height  of  the  potential  barrier,  n  is  the  number  of 
maxima  on  the  potential  curve,  and  9  is  the  deflection  angle  of  the 
top  with  respect  to  the  frame.  The  form  of  the  potential  function 
must  be  considerably  more  complex  in  the  case  of  asymmetrical  tops 
because  the  height  of  the  diverse  maxima  is,  in  general,  unequal  in 
this  case.  The  lack  of  complete  investigations  of  this  problem,  how¬ 
ever,  forces  the  application  of  Eq.  (II.230)  as  a  potential  function 
of  the  internal  rotation  of  asymmetric  tops  under  the  condition  that 
VQ  is  the  effective  height  of  the  potential  barrier. 

Let  us  examine  the  method  of  calculation  of  thermodynamic  func¬ 
tions  of  a  gas  which  consists  of  molecules  in  which  a  retarded  inter¬ 
nal  rotation  of  one  asymmetric  top  takes  place,  developed  in  the 
papers  by  Pitzer  and  Gwinn  [32593  and  Pitzer  [ 3255] •*  (In  the  case  of 
several  tops,  the  same  method  is  applied  to  each  of  them  as  in  the 
case  of  a  single  top,  and  the  components  of  the  thermodynamical 
functions  caused  by  the  presence  of  internal  rotations  are  summed 
over  the  tops) .  The  calculation  is  carried  out  in  the  harmonic  os¬ 
cillator  -  rigid  rotator  model  approximation  with  the  exception  that 
one  vibrational  degree  of  freedom,  which  corresponds  to  the  torsional 
oscillation,  is  substituted  by  the  rotational  degree  of  freedom:  the 

corresponding  contribution  to  the  thermodynamical  functions  is  denoted 
* 


as  4*  ,  and  S  . 

zat.vr  zat.vr 

* 

The  values  of  9za^.  vr  and  ^  are  determined  by  means  of 

special  tables  compiled  by  Pitzer  and  Gwinn  [3259].  The  differences 


♦Hv.vr  “  ^zat.vr  and  Ssv.vr  ~  Szat.vr  betweep  the  components  of  the 
f res  and  retarded  internal  rotation  in  the  values  of  the  thermodyna- 
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mlc  functions  are  quoted  in  these  tables.  These  values  are  listed  in 
the  tables  by  Pitzer  and  Gwinn  as  a  function  of  the  arguments  VQ/RT 
and  1/QSV  w)  where  VQ  is  the  height  of  the  potential  barrier  (in 
cal/mole ‘degree),  and  Qgv  is  the  statistical  sum  over  the  states 


is  the  statistical  sum  over  the  states 


of  free  internal  rotation,  equal  to 


<\  l  v 

— r - r 


i  2s(2W7n.),-,‘ 


(11.231) 


where  n  is  the  number  of  maxima  on  the  potential  curve;  I  is  the 
reduced  moment  of  inertia  of  the  top. 

The  corresponding  components  of  the  thermodynamic  functions 
have  the  form 

-»  2,28792  lg  T  4-  2.28792  Ig  </„.  10*°)  —  4,57584  Ig/z  —  2,5346.  (IX.  232  ) 

=  2.28792  lg  74-2.28792  Ig(/„?-10w)  —  4,57584  Ig  n— 1.5410.  (XI.  233) 

The  method  of  calculating  the  reduced  moment  of  inertia  of  the 
asymmetric  top  is  developed  by  Pitzer  in  the  paper  [3255]. 

One  must  find  the  major  central  axes  of  inertia  1,  2,  and  3,  and 
the  principal  moments  of  inertial  1^,  Ig  and  Ic  with  respect  to 
these  axes  for  the  whole  molecule  with  the  mass  M,  including  the  ro¬ 
tating  group  in  the  equilibrium  state;  then  the  coordinate  axes  of 
the  top  are  drawn  in  such  a  manner  that  the  z  axis  coincides  with  the 
rotation  axis  of  the  top,  the  x  axis  goes  through  the  center  of  gra¬ 
vity  of  the  top  ani  is  perpendicular  to  the  z_  axis,  and  the  y  axis 
goes  through  the  point  of  intersection  of  the  x  and  z  axes  and  is 
perpendicular  to  them.  The  atoms  of  the  top  lying  on  the  rotation 


axis  z  are  excluded  from  the  following  consideration. 

If  mk  is  the  mass  of  the  kth  atom  of  the  top,  than  A  —  i-i) 

is  the  moment  of  inertia  of  the  top  with  respect  to  the  z  axis; 

3  and  C  =  are  the  products  of  inertia, 

U  =  is  the  unbalance  factor  of  ~he  top. 

A 


Then  the  direction  cosines  of  the  axes  x,  y,  and  2.  with  respect 
to  the  axes  1,  2,  and  3  must  be  fount ; 

(iu  azx  C3r 

a1*'  a**'  &'■> 

aU  aM  CM 

The  direction  of  the  axes  is  chosen  in  such  a  manner  that  both 
systems  are  either  right  or  left  systems.  The  determinant  formed  by 
the  direction  cosines  is  equal  to  +1  in  this  case,  which  fact  may  be 
used  to  check  the  correctness  of  the  calculation  of  the  direction 
cosines. 

Let  us  denote  the  vector  from  the  gravity  center  of  the  molecule 
to  the  gravity  center  of  the  top  by  r,  and  its  projections  on  the 
axes  of  inertia  of  the  molecule  by  r^1^,  r^2),  and  r^).  Thus,  the 
reduced  moment  of  inertia  of  one  asymmetric  top  has  the  following 


form: 


'Dp 


.  n?  r  <sw  ,  *1 

A  JsJ-  *  J- 


(11.23*0 


where  g</>  au^  —  auB  —  a'C  -f  U  (a'-** »  r<1^  —  a'***  * 

The  indices  i,  i  -  1,  and  i  +  1  may  assume  the  values  1,  2,  and 

3  (in  a  cyclic  sequence),  thus,  the  index  i  -  3.  is  equal  to  3  if 

1-  1,  and  i  +  1  is  equal  to  1  if  i  =  3* 

It  must  be  noted  that  in  the  case  of  a  balanced  asymmetric  top 

(i.e.,  if  the  rotation  axis  of  the  top  coincides  with  one  of  the 

principal  axes  of  inertia)  and  also  in  that  of  a  symmetric  top,  the 

e;  ression  (11.234)  obtains  a  more  simple  form: 

/,p  =  24[l—  2  -f  (a")5].  (11.235) 

This  equation  is  given  by  Pitser  and  Gwinn  in  the  paper  [3259). 

The  formulas  for  the  calculation  of  the  components  of  the  in- 

*  . 

tern-1. 3  rotation  in  the  values  of  and  S^,  in  the  case  of  a  molecule 
with  a  single  top  have  the  form 
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(11.236) 

(11.237) 


»p  *=  ®c».  ip  —  (^c*.  ip  —  ®mt.  »p)  t  4,57o84  Ig  —  , 
s  “  &».  »P  —  (5C».  »p  —  Saar.  •?)  *r  4,57584  lg  — 

*  op  *  .  . 

is  in  Eqs.  (IT. 236)  and  (11.237)  the  symmetry  number  of  the  top 
with  respect  to  the  rotation  axis.  We  muse  remember  that  the  components 

ft 

of  the  torsion?  1  oscillation  are  neglected  in  the  values  of  <f>  and 

S  in  this  method  of  allowance  for  internal  rotation, 
g.o 

§14.  ALLOWANCE  OP  MULTIPLICITY  AND  EXICTED  ELECTRON  STATES  OF  MOLE¬ 
CULES  IN  APPROXIMATE  CALCULATION  METHODS J  GENERAL  RELATIONS 

Above  we  have  discussed  the  various  methods  of  calculation  of 
the  vibrational  and  rotational  components  of  the  thermodynamic  func¬ 
tions  of  polyatomic  gases.  The  corresponding  equations  were  obtained 
by  assuming  that  the  ground  states  of  the  gas  molecules  are  singlet 
states,  and  the  existence  of  excited  states  may  be  neglected.  A  num¬ 
ber  of  polyatomic  molecules,  however,  including  such  which  are  dealt 
with  in  this  Handbook,  possess  free  electrons,  and,  therefore,  must 
possess  multiplet  electronic  states.  This  circumstance  was  not  suf¬ 
ficiently  taken  into  account  up  to  lately  calculations  of  thermo¬ 
dynamic  gas  functions,  and  the  calculations  were  carried  out  in  the 
majority  of  the  papers  as  if  the  ground  states  of  the  polyatomic  mo¬ 
lecules  were  singlet  states. 

The  most  simple  method  to  allow  ^or  the  multiplicity  of  the  el¬ 
ectron  states  ox  polyatomic  gases  is,  as  well  as  in  the  case  of  dia¬ 
tomic  gases,  the  inclusion  of  the  addends  R  In  pM  into  the  equation 

ft 

for  the  calculation  of  4>T  and  S£  where  pM  is  the  statistical  weight 
of  the  corresponding  electronic  state.  As  was  noted  above  (see  page 
914 ) ,  the  same  systematics  is  chosen  for  linear  polyatomic  molecules 
as  for  diatomic  ones.  Therefore,  the  values  of  p^  for  different  elec¬ 
tronic  states  of  linear  polyatomic  mole  exiles  may  be  found  in  Table  7. 
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Tiie  statistical  weights  of  some  types  of  electronic  states  of 
nonlinear  polyatomic  molecules  are  quoted  in  Table  12.  It  must  be 
noted,  however,  that  the  electronic  spectra  of  almost  all  polyatomic 
radicals  which  possess  free  electrons  are  not  investigated,  and  the 
type  of  the  ground  electronic  state  is  not  determined.  The  statisti¬ 
cal  weight  2  is  in  this  Handbook  ascribed  to  all  electronic  states 
of  molecules  which  possess  one  free  electron  (with  exlucion  of  B02). 

TABLE  12 

Statistical  Weights  of  Several  Electronic  States  of 

Nonlinear  Polyatomic  Molecules. 


Tub  coctmum  A 

Mi 

Mi 

Mi 

M, 

Mi 

M, 

*Bi 

a 

CTaTMCTmeacafi  ftec 

1 

2 

3 

1 

2 

3 

* 

2 

3  j 

_ 1 

A)  Type  of  the  state;  B)  statistical  weight. 

Several  investigators  assumed  that  ground  electronic  states  with 
two  or  more  free  electrons  are  possible  in  several  polyatomic  mole¬ 
cules  or  radicals,  as,  for  example,  in  CHg  or  C^.  This  assumption 
has  not  been  proved  to  be  valid  up  to  the  present  for  the  compounds 
which  are  dealt  with  in  the  Handbook.  In  this  Handbook  it  is  assumed 
that  the  ground  electronic  states  of  polyatomic  molecules,  which  po¬ 
ssess  an  even  number  of  electrons,  are  singlet  states.  The  statisti¬ 
cal  weights  of  the  ground  states  pf  nonlinear  molecules  with  an  even 
number  of  electrons  is  equal  to  1  because  stable  electronis  states  of 
nonlinear  molecules  can  not  be  degenerate. 

The  constants  of  the  multiplet  splitting  of  polyatomic  mole¬ 
cules  are  generally  unknown,  thus,  one  must  restrict  oneself  to  in- 
elusion  of  the  values  of  R  In  pM  into  the  values  of  and  when 
calculating  the  thermodynamic  functions.  If  the  constants  of  the  mul¬ 
tiplet  splitting  of  the  polyatomic  molecule  are  well  known,  the  effect 
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of  the  splitting  of  the  rotational  levels  on  the  thermodynamic  func¬ 
tions  may  be  taken  into  account  by  transformating  the  equations  for 
the  calculation  of  as  it  was  carried  out  in  the  case  of  diatomic 
gases.  In  particular,  calculation  of  the  values  of  ^ol  vr  311,3  Skol  vr 
may  be  carried  out  immediately  by  means  of  the  equations  cited  in  §9 
in  .the  case  of  gases  with  linear  molecules. 

Data  on  excited  electronic  states  are  missing  or  uncoordinated 
for  the  majority  of  simple  polyatomic  molecules.  The  vibrational  and 
rotational  constants  of  molecules  in  excited  states  are  usually  un- 
known  (with  the  exclusion  of  some  simple  molecules  of  the  type  HCN, 
C2IL,,  HCO,  and  Cl(>2),  and  the  energies  of  these  states  possess  va¬ 
lues  in  the  order  of  15,000-20,000  cm”1  and  higher.  Taking  into  ac¬ 
count  that  the  accuracy  of  the  calculation  of  thermodynamic  functions 
of  polyatomic  gases  is  generally  lower  than  in  the  case  of  diatomic 
ones,  a  method  may  be  used  to  allow  for  the  excited  states  of  poly¬ 
atomic  molecules  at  all  temperatures,  which  is  based  on  the  assump¬ 
tion  that  the  vibrational  and  rotation  constants  of  the  molecule  are 
equal  in  all  electronic  states. 

Thus,  (in  the  same  manner  as  for  diatomic  gases,  see  Eqs.  (11.120) 
and  (11.121),  we  have 

©«  *=  CW  ,p  +  AOl  =  ©L,  ,p  +  R  in  (!  4-  i). 

Sam  **  Stax,  ap  *f"  ASm  =  Suoa.  ,p  4-  R  j^ln  (i  +  6)  *f  |-^7"  * 

where,  (see  page  180) 


,  Pi  ( he  (il\ 


r  d  *_V  Pi 


he  I/)  (  ,:C  yft'M 

wxJcxV[-  W'™)' 


The  formula  cited  for  6  may  be  made  *ore  accurate  for  cases  in 
wh-5 ch  the  transition  of  the  molecule  into  the  excited  state  is  3Ccom- 
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panied  by  a  change  of  its  structure  and  a  change  of  the  number  of  ro¬ 
tational  degrees  of  freedom,  as  well  as  was  done  for  diatomic  gases 
(Eq.  11.125)  taking  into  account  the  differences  of  the  constants  of 
the  gas  molecules  in  the  ground  and  in  the  excited  state.  We  then  have 


b-Y  eya  ( _ 


(11.238) 


where  _ 1  is  the  component  of  the  nth  vibration  of  the  molecule 

in  the  ith  electronic  state;  dn  is  the  degree  of  degeneracy  of  the 
nth  vibration;  the  upper  limits  of  the  derivatives  with  respect  to  n 
may  be  different  for  the  given  molecule  if  the  latter  possesses  a 
linear  structure  in  one  and  a  nonlinear  structure  in  other  states, 
or  if  the  number  of  degenerate  states  changes;  p  —  kT  _  s  v&- 

, .  ^  ^  *  bcSn 

lid  for  linear  molecules  and  —  /  is  valid  for  mole¬ 

cules  of  the  other  types. 

Based  on  these  statements,  the  relations  for  the  calculation  of 
the  thermodynamic  functions  of  gases  may  be  written  down  as  follows: 
<l£  =  ®«»cT  +  <I>r.o  +  <lCc.  P  +  R  In  2  +  R  In  (1  -f-  p tT  +  ptT!)  + 

+  i?  In  pjt  4*  AOm  -}*  (il.  239) 

5r  +  Sr.  o  +  Sm.  p  +  R  [in  2  +  T  in  2 J  -}-  R  In  Pu  -j- 

+  R  [in  (1  +  PiT  +  p,T*)  +  f  AS„  +  ap.  (II.  240 ) 

where  R  In  2  and  are  corrections  for  the  vibrational  an- 

harmonicity  and  the  interaction  between  rotation  and  vibrations. 

These  corrections  may  be  calculated,  in  accordance  with  the  chosen 
method  of  calculation,  by  means  of  the  relations  (II.185),  (II. 186); 
(11.195),  (II.I96);  (11.210),  (11.211)  or  (II. 215) ;  R  In  (I  —  PiT  -r  p.7**, 

•md  a' :  :r»  (I  4- ?rT -r  p.T®H- are  corrections  of  the  centrifugal 

* 

stress:  R  In  pf,,  a<t>e^  and  ^el  are  COTTec^ons  °?  "the  multiplicity  of 
the  ground  state  and  the  presence  of  excited  electronic  states  the 
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gas  molecules;  4>  and  S,„,  are  corrections  of  the  internal  ro- 

vn.vr  vn.vr 

tation  of  the  molecules. 

It  must  be  remembered  that,  as  well  as  in  the  case  of  diatomic 

* 

molecules,  the  values  of  $n/T,  necessary  for  finding  3>g  0  and  Sg  Q 
in  the  tables  of  the  harmonic  oscillator,  are  calculated  on  the  basis 
of  different  frequencies,  depending  on  the  method  chosen  to  calculate 
and  S£:  thus,  fl*/T  —  («« —  x*a),  holds  true  for  the  Gordon  method; 

Oft/T  *=  -£7  w*  holds  for  the  Kassel  method,  and  %(T  —  ^-vn.  holds 
for  the  Pennington-Kobe  method.  The  constants  o>n  and  are  unknown 
if  the  calculations  are  carried  out  in  the  rigid  rotator -harmonic 
oscillator  model  approximation,  and  the  calculation  of  0/1  -  ~ -v„. 
is  carried  out  assuming  /J  In  2.  R  In  (I  -f-  p,7*  +  ?£*)  and  their  derivatives 
as  equal  to  zero. 

The  relations  (11.239) -(11.240)  may  be  transformed  by  unifica¬ 
tion  of  the  translational  components  and  the  components  of  the  rigid 
rotator. 

Thus,  for  linear  molecules  we  have 

Or  «=  ®r. »  +  16.01544  Ig  T  +  Cm  +  1,98726  (In  2  +  ftT  4-  2.5p,T*)'+  AdC.  (II.  24l) 

-  Sr.  •+  16,01544  lg  T  +  C-  + 

‘  '  +  r.96726(ln 2  +T-ff  In  2  +  2plT  +  7,bp,T*)  +  A$M,  (II.  242) 

and  for  nonlinear  molecules 

4Dj  *  ®r. •  +  18,30336  IgT  +  (4  +  1,98726  (In  I  +  p jT  +  2,5pin  4" 

(11.243) 

I  *  i  I  Sfr -S/«  +  18.30336  lgT  +  C«+ 

•  +  1,98726  (in  2 +T^ln2+W  +  7.5ltf*)  +  AS«,+S„.*.  (II  244) 

where 

Cm  -  6,86376  If  Af  -f  4,57584  lf-J-  +  4,57584  (lg  pm  —  Igo)  —  7,2836,  (II.  243) 
C*-  6,86376 IgAf  +  4,57584  lg-£-+  4.57584 (If  pM  —  lg o)  —  0,3281,  (II.  24 6) 
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C#  «  6.86376  lg  M  +  4.57584  \g  -*,,t  +  4.57584  (lg  Pm  —  lg  o)  -  7.2836.  (II  •  247 ) 

Cs  -  6,86376  Ig  M  +  4.57584  lg~^  +  4.57584  (Ig  Pm  —  lgo)  +  0,6655.  (n.  248) 

If  the  rotational  constants  of  the  gas  molecu3.es  are  unknown  and  the 
calculation  is  carried  out  in  terms  of  the  principal  moments  of  in¬ 
ertia,  the  Eqs.  (11.245) -(11.248)  assume  the  form  (according  to  the 
values  of  the  physical  constants  accepted  in  the  Handbook) : 

C*  _  6.86376  Ig  M  +  4,57584  lg  (MO*)  +  4,57584  (lg>*  -  Ig  a)  -  10.0510.  (II  •  249) 
Cs  -  6.86376  lg  M  +  4,57584  lg  (/•  10*)  +  4.57584  (lg  P*  -  «>  “  3-0964-  (lI‘  °50) 

C\  «  6.86376  IgM  +  2.28792  lg  (I  a -I's-lc-  101,T)  +  4.57584  (Ig  p« — lgo)  — 10.2986.  (r. .  23l) 
Cs  **  6,86376  lg  ill  +  2,28792 lg(/^‘/B‘/c‘  10***)  +  4,57584  (lgP«  Ig®)  2,3495. 

Finally,  it  must  be  remembered  that,  if  internal  rotation  is 
lacking,  we  have 


®r.*"  2  ■  ^r.  1*21  «)■* 


*•4 


■— 1 


where  a  —  3N  —  5 — 2  (4k  —  1).  is  valid  in  the  case  of  linear  molecules, 
«„3V-.6-2«k-l)  is  valid  for  nonlinear  molecules,  b  is  the 
number  of  degenerate  vibrations;  and  in  the  case  of  molecules  with 
internal  rotation  we  have  a  **  3 N  —  6  —  2  C 4*  —  1)  —  g  ;  6  is  the  num- 

*— i 

ber  of  the  degrees  of  freedom  for  the  internal  rotation.  The  values 

of  q0/T  and  qrf*  in  the  equations  (II. 245) -(II. 248)  are  equal 

to  and  ,  71  (  k  Y*  ,  or - ! - and  "if — ~ l — Y  ,  res¬ 
ted  7  /c«4C6Ufi  I.V3H7JU.  V  AMXWXSia} 


pectively. 
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Division  4.  CALCULATION  OP  THE  TABLES  OP  THERMODYNAMIC  GAS  FUNCTIONS 

( J 

§15*  ALLOWING  FOR  THE  ISOTOPIC  COMPOSITION  AND  FOR  THE  NUCLEAR  SPINS 

IN  THE  CALCULATION  OF  THERMODYNAMIC  FUNCTIONS 

In  the  derivation  of  the  formulas  for  the  calculation  of  the 
thermodynamic  functions  of  gases*  carried  out  in  the  foregoing  Divi¬ 
sions  it  was  assumed,  that  the  molecules  of  the  given  gas  are  similar, 
in  particular,  that  they  consist  of  the  same  isotopes  of  elements 
Which  form  these  molecules.  In  fact,  a  great  number  of  elements  pos¬ 
sess  two  or  more  stable  isotopes,  and  the  relative  content  of  the 
minor  isotope  is  in  many  cases  (Cl,  Br,  etc.,  for  example)  important 
(see  Supplement  1)  and  may  not  be  neglected.  The  natural  percentage 
of  the  various  stable  isotopes  of  an  element  is  almost  constant.  Gas¬ 
es  consisting  of  molecules  formed  by  elements  which  possess  several 
isotog^s  have  also  an  almost  constant  composition  which  corresponds 
to  the  percentage  of  the  isotopes  in  question  in  nature.  Gases  with 
such  a  composition  are  termed  a  natural  mixture  of  isotopic  molecules. 

All  gases  with  the  exclusion  of  the  deuterium  and  tritium  com¬ 
pounds  are  considered  in  this  Handbook  as  natural  mixtures.  There¬ 
fore,  the  formulas  deduced  in  the  foregoing  divisions,  strictly  speak¬ 
ing,  may  not  be  applied  immediately  for  the  determination  of  the 
thermodynamic  functions  of  these  gases.  It  is  necessary  to  calculate, 
by  means  of  these  formulas,  the  separate  thermodynamic  functions  of 
each  gas  which  consists  of  identical  isotopic  molecules,  to  multiply 
the  calculated  values  with  the  corresponding  molecular  parts  (pro¬ 
portional  to  the  percentage  of  the  isotopic  molecules),  to  sum  up  the 
obtained  contributions  and  to  add  to  the  sum  found  a  value.,  which  is 
constant  for  the  given  isotopic  mixture  and  which  takes  into  account 
the  mixture  of  nonidentical  molecules  (the  so-called  mixing  entropy) 
when  the  thermodynamic  functions  of  a  gas  must  be  determined  which  Is 
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a  natural  mixture  of  isotopic  molecules.  The  described  way  of  calcu¬ 
lation  is  cumbersome  and,  therefore,  inconvenient  for  the  application 
in  the  practice  of  calculation  of  tables  of  thermodynamic  functions 
of  gases.  It  is  possible,  howevei,  to  use  certain  simplifications 
which  do  not  lower  substantially  the  accuracy  of  the  calculations  and 
which  make  it  possible  to  reduce  the  calculation  to  simpler  computa¬ 
tions  similar  to  those  which  are  used  for  gases  consisting  of  identi¬ 
cal  molecules. 

If  the  masses  of  the  individual  isotopes  are  comparable  to  each 
other,  a  fact  which  is  valid  for  all  elements  with  the  exclusion  of 
the  lightest  (hydrogen,  helium  and  some  others)  or  if  the  percentage 
of  one  of  the  isotopes  is  prevalent  (which  happens  in  the  case  of 
the  light  elements  mentioned  above),  the  thermodynamic  functions  of 
the  natural  mixture  of  Isotopic  molecules  may  be  calculated  in  terms 
of  thermodynamic  functions  of  a  gas  which  consists  of  identical  mole¬ 
cules  with  a  molecular  weight  and  other  constants  which  are  "averaged" 
values  of  the  constants  of  the  molecules  which  form  the  given  mixture. 

Thus,  for  example,  the  molecular  weight  of  a  gas  which  consists 
of  molecules  with  a  different  isotopic  composition,  having  the  mole¬ 
cular  weights  M^,  M2,  My  ...  and  the  molecular  parts  x^,  x2,  Xy  ... 
(2x.  =1),  is  eaual  to  M  =  lx{  M{  .  In  the  general  case,  we  have 

1  t 

ig  =f-2x*!g  Mt-  ( 11.253) 

The  substitution  of  the  left  part  of  the  inequation  (11.253)  by 
the  right  part,  however,  does  not  cause  errors  in  the  values  of  ^pDst 

and  S°  .  which  exceed  0.0005  cal/mole* degree,  under  the  conditions 

pos  o  *” 

mentioned  above  (  siMzszf/u..  or  x^  =  1),  which  are  valid  in 

essence-  for  all  elements.  Thus,  the  translational  components  of  the 
thermodynamic  functions  of  a  gas  consisting  of  different  isotopic  mo- 
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lecules  may  tie  calculated  with  an  accuracy  which  is  sufficient  for  any 
problems  in  practice  by  means  oi*  the  averaged  molecular  weight  of 
the  mixture  which  is  equal  to  the  molecular  weight  of  the  gas. 

The  components  of  the  intramolecular  degrees  of  freedom  may  also 
be  calculated  by  means  of  the  averaged  values  of  the  jolecular  con¬ 
stants.  The  energies  of  the  electronic  states  of  atoms  and  molecules 
do  hardly  at  all  depend  on  the  mass  of  their  nuclei  and,  therefore, 
the  averaged  values  are  equal  to  the  energies  of  the  leetronic- 
states  of  any  isotopic  modifications. 

The  ave.  ?d  values  of  the  rotational  and  vibrational  constants 
of  diatomic  molecules  may  be  calculated  by  Eqs.  (i.43).  The  constants 
of  the  conventional  molecule  which  possesses  the  mean  molecular 
weight  of  the  isotopic  mixture  are  calculated  in  terms  of  p  on  the 
basis  of  the  constants  of  any  of  its  isotopic  modifications.  Thus, 
for  example,  the  averaged  constants  of  the  isotopic  EC1  mixture  are 

10  82  oc  ilR7 

the  constants  of  the  conventional  molecule  B  *  Cl-53’  3‘  which  con¬ 

sists  of  the  hypothetical  boron  atoms  with  the  atomic  weight  10.$?, 
and  chlorine  with  the  atomic  weight  35*457.  Having  calculated  the  re¬ 
duced  mass  of  this  molecule  (p  =  8.290l8l),  one  may  find  the  averaged 
values  of  the  constants  of  BC1,  using  the  value  p  =  1.005014,  the 
Eqs.  (1.43)  and  the  constants  of  the  real  B^Cl^-5  molecule (p  -  3.373513)* 
The  calculation  of  the  components  of  the  intramolecular  degrees 
of  freedom  by  means  of  averaged  vibrational  and  rotational  constants 
as  well  as  the  calculation  of  the  transitional  components,  is  not 
fully  accurate.  In  all  c.ises,  however,  which  are  dealt  with  in  this 

Handbook,  the  corresponding  error  in  the  values  of  the  thermodynamic 

* 

functions  does  not  exceed  0.00"  cal/mole» degree  in  and  £.*,  which 
may  be  considered  to  be  satisfactory. 

In  cases  when  the  thermodynamic  functions  of  gases  are  caicu- 
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dated  in  the  rigid  rot at or -harmonic  oscillator  model  approximation, 
the  gas  molecules  may  be  considered  as  having  the  same  constants  and 
the  same  molecular  weight,  i.e.,  the  average  molecular  weight  of 
the  isotopic  mixture  of  gas  molecules.  This  simplification  does  not 
cause  errors  in  the  values  of  the  thermodynamic  functions  which  ex¬ 
ceed  the  total  error  of  the  method.  It  must  be  noted,  however,  that 
in  the  present  Handbook  the  atomic  weights  of  the  elements  are  chosen 
corresponding  to  the  natural  mixture  of  their  isotopes  for  the  esti¬ 
mation  of  the  molecular  constants  and,  in  particular,  for  the  calcu¬ 
lation  of  the  oscillation  frequencies  and  the  products  of  the  moments 
of  inertia  on  the  basis  of  the  relations  quoted  in  Supplements  3  and 
4.  It  is  evident  that  the  values  obtained  in  this  way  are  averaged 
constants  for  the  natural  mixture  of  isotopic  molecules. 

The  values  of  the  reduced  thermodynamic  potential  and  of  the  en¬ 
tropy  of  the  gas,  calculated  by  means  of  averaged  molecular  constants, 
are  the  practical  values  of  these  functions  (see  page  127).  The  to¬ 
tal  values  of  the  thermodynamic  functions  of  a  gas  consisting  of  iso¬ 
topic  molecules  differ  from  the  practical  values,  apart  from  the 
components  of  nuclear  spins,  by  values  caused  by  the  mixing  of  the  iso¬ 
topic  molecules  and  also  by  the  difference  in  their  symmetry  numbers. 
The  difference  between  the  total  and  the  practical  values  of  the 
thermodynamic  functions  will  in  this  Handbook  be  termed  the  nuclear 
component.  This  component  {S  has  the  same  value  in  and  in 
and  is  equal  to  zero  in  the  H£  —  Hq  values. 

According  to  the  delinition,  we  have 

Smx  -  S„.  *,  -f  s,.  c  -r  Sc.*.  ( 11.254) 

The  entroDy  . _  of  isotope  mixing  may  be  calulated  by  the  rela- 

S2Ti«  1 Z. 

taon 
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Sat.  n  — 


Zixt  »n  Xi, 

t 


(11.255) 


where  is  the  molar  part  of  the  ith  isotopic  modification  of  the 
gas  molecule.  The  € 
ted  by  the  formula 


gas  molecule.  The  entropy  o  of  the  nuclear  spins  may  be  calcula- 


Sm.c=Z'2xtln*i,  (11.256) 

t 

where  is  the  statistical  weight  of  the  ith  isotopic  molecule  caus¬ 
ed  by  the  spins  of  its  nuclei. 

In  the  case  of  a  monatomic  gas,  we  have 

c,  *  2/,  -!-  1.  (11.257) 

where  I  is  the  nuclear  spin  of  the  ith  isotope.  In  the  case  of  a 
diatomic  gas,  we  have 

at  =  a.a>,  (11.258) 

where  =  21^  +1,  =  2I2  +  1,  and  1^,  IP  are  the  nuclear  spins 

of  the  atoms  which  form  the  molecule.  In  the  case  of  a  polyatomic  gas> 
we  have 

<*£••<?•...).  (11.259) 

where  =  21^  t  1,  =  2I2  +1,  ....,  1^  is  the  nuclear  spin  of  the 

isotope  1,  n^  is  the  number  of  atoms  of  the  isotope  1,  etc. 

The  value  cf  S  .  which  takes  into  account  the  difference  in  the 
sim 

symmetry  number  of  the  isotopic  modifications  of  the  molecules,  may 
be  calculated  by  the  formula 

S<Mt=—Z(Sx:  In  3/— Ins),  (11.260) 

where  is  the  symmetry  number  of  the  ith  isotopic  molecule,  a  is 
the  symmetry  number  of  the  hypothetic  molecule  with  averaged  values 
of  the  molecular  constants. 

The  nuclear  component  of  the  thermodynamic  functions  of  gases 
hardly  changes  at  all  in  the  temperature  range  in  question.  This  com¬ 
ponent  is  equal  to  the  initial  and  the  end  products  of  chemical  re- 
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actions  and  does  not  affect  the  values  of  the  equilibrium  constant  of 
the  reaction. 

Due  to  this  fact,  the  nuclear  component  Syaais  not  included  into 
the  values  of  and  S£  when  calculating  the  practical  values  of  the 
thermodynamic  function  of  gases,  irrespective  of  disregarding  the  com¬ 
position  of  the  gases  which  may  consist  of  molecules  or  of  mixtures 
of  isotopes. 

Since  the  nuclear  component  is  equal  for  the  initial  substances 
and  for  the  products  of  any  reaction,  its  value  may  easily  be  calcu¬ 
lated  for  any  gas  by  the  relation 


'ln(2/-U  *T  1)  ,  (11.261) 


where,  in  contrast  to  Eqs.  (II.255)-(II.26o),  nA  is  the  number  of 
atoms  of  the  element  A  in  the  molecules,  x^  i  and  IA  i  are  the  molar 
pare  and  the  nuclear  spin  of  the  ith  isotope  of  the  element  A.  Sum¬ 
mation  is  carried  out  over  all  elements  and  isotopes  v/hich  are  part 
of  the  composition  of  the  molecule  of  the  given  gas. 

Let  us  examine  the  calculations  of  Syad  on  a  number  of  examples. 

1.  Monatomic  chlorine 

1  \  "i  1  t 


isotope  | 

a» 

0,754 

a37 

0,246 

3/2  ;  4 

o  -n  *  # 


•  S«.c  =  4,57584  (0,754 -0, 60206 -fC,246-0,602C6)  =  2,7546  cal/g-at  on;  .degree 
Stu.ai  =  -4,57584  (0,75%  (-0,12263)  4-  0,246  (-0,60901)]  =  1,1087  cal/g-at  on:,  degree 
Due  to  the  fact  that  Sgim  =  0  for  a  monatomic  gas,  we  have  Syad  ^  Sya  , 


+  S  . „  =  3*8636  cal/g-atom* degree . 

sir.*  1 
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2.  Diatomic  chlorine. 


Isotopic 

molecule 

xa  ^  a 
*'  1 

a-*4  o31 
a»  c« 
a*  a”. 

0.5655 

0,3710 

o.ccos 

18 

18 

16 

f 

<*  ; 

*  i 

a  )  Th»  value*  of  are  calculated  a>  tetma 

1  of  the  binomial  ~  ***umin* 

Xa*  *=  o,754«n<ixCjiI  =  0,248. 


Sm.  «=  4.57584  (0,5685-1.20412  4-  0,3710-1,20412  4-  0,0505-1,20412)  =  4,57584-1,20412  = 
“5,5098  cai/mole ‘degree 

Sc*.  „  -  —  4,57584  10,5685  (—0,2453)  4-  0,3710(  —  0.43CS)  4-  0,0605  (—1,2182)1  = 

*.  •  =  1,7037  cal/mole ‘degree 

Sam  =  — 4,57584. [0.5685-0.30IC3  4-  0.C5G5- 0,30103  —  0,301031  =  0,5110  cal/mole  ‘degree 

—  Sa.c  T  Seu.ua  T  Scam  =  7,7275. 


It  is  easily  noticeable  that  the  obtained  value  S  J  =  7.727 

yad 

is  accurately  the  doubled  value  of  the  S  .  for  atomic  chlorine. 

yad 

3.  Carbon  tetrachloride. 


I 


‘  iS«c 

;  *7  ' 

ai  . 

•i 

]  C Cl? 

!0,3232: 

i 

25S 

12  : 

« 

1  cc:rCi« 

|o,4210 

256  ! 

3  j 

1  -  CClfClf 

.0,20  05| 

256  J 

2  : 

«  ca«C2f 

jo,  0440; 

258  . 

3  5 

S  cc;f 

|0,C037j 

256  j 

12  | 

a)  The  values  of  art  calculated  as  terms  of 


the  binomial  ,  .  «,w 


S,ue  -  4.57584  (0,3232-2,40824  4*  0,4218-2,20824.4-  0,2035- 2.40824  -f  0,0449  •  2,40824  4 
4-  0,0037-2,40824)  -  4,57584-2.40824  =  11,0197  cal/mcle  ‘degree 

5cu.„  =  -  4,57584  10,3232  (-0,4905)  4-  0,4216  (-0.3751)  4-  0.2055  (-0,5851)  4- 
-  0.0449  (-  1.3478)  4-  0,0037  (-  2,4318)1  =  4,57584-0,2577  =  2,4146  cai/mole. deri  e< 
^cwi  —  2,57584  (0,3232- l,w79 18  4-  0,47712  4-  0,2055-0,30103  4*  0,0449-0,47712  4- 

4"  0,0037- 1,07918  —  1,07918)  ~  4,57584-0,44155  —  2,0209  cal/mole »derree 
=  +  Soi.At  4-  Scum  —  15,4552  cal/mole  ‘degree 
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Thus,  Sya(J  for  CCl^  is  accurately  the  quadruplicated  value  of 
Syad  for  atoinic  chlorine. 

§16.  ESTIMATION  OP  THE  ACCURACY  OF  THE  TABLES  OP  THERMODYNAMIC  FUNC¬ 
TIONS.  APPROXIMATION  OP  THE  TABLES  BY  EQUATIONS. 

REFERENCE  LITERATURE  ON  THERMODYNAMIC  FUNCTIONS  OF  GASES 

The  thermodynamic  functions  of  gases,  cited  in  the  Tables  of  the 

Ilnd  volume  of  this  Handbook,  are  calculated  for  the  natural  mixture 

of  isotopes  (with  exclusion  of  D,  T  and  their  compounds)  using  the 

*  n 

methods  stated  in  the  foregoing  sections.  The  values  of  and  S° 
have  been  calulated  (in  cal/mole* degree)  immediately  by  the  equations 
cited  in  those  sections,  and  the  values  of  H£  —  H^  (in  eal/mole)  have 
been  found  by  means  of  the  relation 

Hr  —  Hq—T  {Sr  —  Or)-  (II.  2 62) 

The  values  of  and  S°  of  monatomic  gases  have  been  calculated  with 
five  significant  digits  after  the  decimal  point  and  have  then  been 
rounded  off  to  four  significant  digits.  The  calculations  of  the  val¬ 
ues  of  ai-  and  polyatomic  gases  were  carried  out  with  four  signifi¬ 
cant  digits,  and  a  subsequent  rounding  off  to  three  significant 
digits  following  the  decimal  point.* 

This  accuracy  is  excessive  in  most  cases,  and  the  quotation  of 
superfluous  significant  digits  in  the  values  of  the  thermodynamic 
functions  is  justified  only  from  the  point  of  view  of  facilitating  the 
interpolation  and  also  to  provide  the  internal  coordination  of  the 
subsequent  calculations.  In  fact,  the  accuracy  of  the  calculated  val¬ 
ues  of  thermodynamic  functions  depends  on  the  method  of  calculation 
and  also  on  the  accuracy  and  completeness  of  the  i  olecular  constants 
which  are  used  for  calculation. 


In  the  2nd  part  of  the  1st  volume  of  the  present  Handbook,  the 
method  of  calculating  the  functions  is  stated  for  each  gas  in  the 
sections  dealing  with  the  calculation  of  the  thermodynamic  functions 
of  gases,  and  also  the  magnitudes  of  uncertainty  in  the  values  of 
are  given  for  198. 1.5,  3000  and  6000°K.  The  uncertainties  in  the 
values  of  S°  are  generally  by  2-3  times  greater  than  those  for  <i>T 
a.%  the  same  temperature.  The  class  of  accuracy  determined  by  the  mag- 
nitude  of  uncertainty  in  the  value  of  $^000  for  each  given  gas  is 
indicated  in  each  table  of  thermeuynamic  properties  in  volume  II 
f see  introduction  to  the  second  volume). 

Estimation  of  the  accuracy  of  values  of  thermodynamic  functions. 

In  the  case  of  monatomic  gases,  at  T  <  I/l_>,  where  I  is  the  ionisation 

potential  of  the  atom  in  cm  J",  the  uncertainties  in  the  values  of  the 

thermodynamic  functions,  caused  by  the  inaccuracy  of  the  calculation 

method,  are  negligible  in  comparison  with  the  uncertainties  caused 

by  the  inaccuracy  of  the  fundamental  physical  constants.  At  T  <  1/10 

the  uncertainties  caused  by  an  inaccurate  determination  of  the  n  „  . 

values  become  more  important.  It  is  assumed  in  the  present  Handbook 

that  the  n  value  Is  determined  with  an  uncertainty  of  +1.  The  cor- 
max  — 

•* 

responding  uncertainties  in  the  values  may  be  estimated  by  com¬ 
paring  the  results  of  the  calculation  of  the  sum  (II. 15)  at  the  val¬ 
ues  n  =  k  and  n  =  k  +  1.  The  uncertainties  caused  by  the  join- 
ing  of  electronic  states  and  the  approximate  estimation  of  the  un¬ 
known  vi  value  is  essentially  lower  than  the  uncertainty  caused  by 
the  incorrectness  of  and  they  may  be  calculated  by  means  of 

Eqs.  (11.27). 

* 

The  uncertainty  in  the  <J>,p  value  of  a  monatomic  gas,  caused  by 
the  inaccuracy  of  the  excitation  energy  of  the  ith  electronic  state, 
s  estimated  in  the  Handbook  by  the  formula 
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?t  ( 

he  \ 

“ST  v'/ 

.  . Pt 

/  lx  \ 

l  *T  V/) 

(11.263) 


The  Gordon-Barnes  method  was  the  fundamental  method  of  calcula¬ 
ting  the  thermodynamic  functions  of  diatomic  gases.  The  application 
of  this  method  may  result  in  errors  in  the  values  of  the  thermody  a- 
mic  functions,  caused  by  the  following  sources  of  errors. 

a)  Incorrectness  of  the  values  of  molecular  constants  r.ssumed  in 

* 

the  calculation.  The  uncertainties  in  the  $>,£,  values  caused  by  incor¬ 
rectness  of  the  oscillation  frequency  03g  and  the  rotational  constant 
Be  were  estimated  by  the  formula 


The  uncertainties  caused  by  the  incorrectness  of  the  interaction  con¬ 
stant  and  the  constant  DQ  of  the  centrifugal  stress  were  estimated 
by  the  formula 

=  (11.265) 

The  uncertainties  caused  by  the  incorrectness  of  the  constant  of  en¬ 
harmonic  ity  co  x  were  estimated  as  being  a  difference  of  the  values 

InQ^-f  PiV-f-^u1).  (11.266) 

which  correspond  to  the  maximum  and  minimum  values  of  this  constant. 
The  uncertainty  caused  by  the  incorrectness  of  the  value  of  the  exci¬ 
tation  energy  of  the  ith  electronic  state  was  estimated  by  the  for¬ 
mula  (II.263). 

.  * 

b)  Uncertainties  in  the  ^  values,  caused  by  neglect ion  of  the 
second  and  higher  constants  of  anharmc.iicity,  may  be  estimated  on  the 
basis  of  the  Brounshteyn  and  Yurkov  method  (see  pageibl).  If  the  av¬ 
ailable  constants  of  anharmonicity  do  not  conform  with  the  known  val¬ 
ue  of  the  dissociation  energy  of  the  molecule,  a  new  value  of  the  se- 
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cond  anharmonicity  constant  may  be  found  by  the  relation 


where 


O>o*/o  = 


_  <i)a  —  /" /  Up  3  Do 

“  «oXo  /  \<i>oxJ  UoXo  ’ 


(11.267) 


(11.268) 


* 

and  the  uncertainty  of  $>T  may  be  estimated  on  the  basis  of  this  value 

of  by  the  Brounshteyn  and  Yurkov  method.* 

* 

c)  Uncertainties  in  the  4>rp  values  caused  by  neg‘  ction  of  the 
splitting  of  the  rotational  levels  in  the  multiplet  electronic  states 


may  be  estimated  according  to  the  equations  cited  in  §9,  if  the  con 

2 

stant  of  the  multiplet  splitting  is  known.  In  particular,  for  n 


states . 


iO*T  =  Sexp(-f-/i).  (11.269) 

is  valid. 

The  errors  caused  by  inaccurate  initial  constants  for  the  cal¬ 
culation  of  the  thermodynamic  functions  of  diatomic  gases  by  the 
rigid  rotator -harmonic  oscillator  model  approximation  were  determined 
by  means  of  the  Eq.  (11.264).  Uncertainties  caused  by  the  deviation 
of  the  properties  of  the  gas  molecules  from  the  rigid  rotator -harmonic 

oscillator  model  may  be  determined  if  the  constants  o>  x  ,  a.,  ana  D  are 

e  e  1  e 

known  or  when  they  may  be  estimated  by  approximate  relations.** 

Then  we  have,  on  the  basis  of  Eq.  (II. 52): 

64>‘r  --  R  <A  in  Qh0*  9  “’«)•  ( II. 270 ) 

The  thermodynamic  functions  of  biatomic  gases  have  been  computed 
to  20,000°K  by  the  direct  summation  method.  The  errors  of  the  values 
calculated  by  this  method  depend  only  on  the  errors  of  the  starting 
constants. 

The  thermodynamic  functions  of  the  great  majority  of  polyatomic 
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gas. s  have  been  calculated  In  the  rigid  rotator -harmonic  oscillator 
model  approximation  due  to  the  missing  data  on  the  anharmonicity  con¬ 
stants,  the  constants  of  interaction  between  vibration  and  rotation, 
and  the  constants  of  the  centrifugal  stress. 

The  uncertainties  in  the  valuer  of  polyatomic  gases,  calcula¬ 
ted  in  this  approximation,  caused  by  the  uncertainty  02  the  assumed 
values  of  oscillation  frequencies  and  rotational  constants  (or  prin¬ 
cipal  moments  of  inertia)  are  estimated  by  the  relation 

±i-r  (IX- an) 

'•*=1  L  in  r- 

The  uncertainties  of  the  thermodynamic  functions  of  polyatomic 
gases  caused  by  the  application  of  the  rigid  rotator -harmonic  os¬ 
cillator  model  approximation  may  not  be  estimated  with  a  sufficient 
accuracy  because  a  substantiate  estimation  of  the  constants  which  allow 
for  the  deviation  of  the  gas  molecules  from  this  model  is  impossible. 

A  comparison  of  the  calculation  of  the  thermodynamic  functions  of 
some  gases  in  the  rigid  rot at or -harmonic  oscillator  model  approxima¬ 
tion  with  more  accurate  ;alculations  3n  which  the  anharmonicity  of 
the  vibrations,  the  interaction  between  rotation  and  vibration  an.i 
the  centrifugal  stress  were  taken  Into  account,  has  shown  that  the 

corrections  for  the  three  letter  effects  do  not  exceed  10#  of  the 
* 

Q  value.  Due  to  this  fact,  it  was  assumed  in  the  present  Handbook, 

that  when  the  accuracy  of  the  thermodynamic  functions  of  polyatomic 

gases,  calculated  in  the  rigid  rotator-harmonic  oscillator  model 

* 

approximation  was  estimated,  the  uncertainties  in  the  4>  values, 

caused  by  the  neglection  of  the  anharmonicity  of  the  vibrations,  etc., 

* 

amount  to  10#  of  the  <fc  value  at  the  given  temperature. 

g.  o 

Derivation  of  equations  approximating  the  tabulated  values  of 
ihcrm. Hivnamic  functions .  The  results  cf  calculations  of  thermodynamic 
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functions  of  gases  are  represented  in  modern  literature,  as  a  rule, 
in  the  form  of  tables  similar  to  the  Tables  1-380  in  the  volume  II 
of  the  present  Handbook.  The  utilization  of  tabulated  values  of  ther¬ 
modynamic  functions,  however,  is  inconvenient  for  the  solution  of  a 
number  of  problems,  in  particular,  for  the  calculation  of  the  compo¬ 
sition  of  complex  mixtures  of  reacting  gases  by  means  of  electronic 
computers.  In  these  cases  it  is  more  convenient  to  use  analytical  fun¬ 
ctions  which  describe  the  values  of  thermodynamic  magnitudes  in  a 
certain  temperature  range. 

Even  in  the  first  yeaic  of  development  of  statistical  methods 
of  calculation  of  thermodynamic  functions  of  gases,  some  authors 
(see  [1098a,  3821]  proposed  to  calculate  the  values  of  the  appropri¬ 
ate  magnitudes  only  for  discrete  reference  points,  in  order  to  reduce 
the  extent  of  the  calculations,  and  then  to  describe  them  by  equations 
of  the  type 

Cp  =  a  -r  bT  ~r  cT2,  (II ,  272 ) 

Cp  -  a  +  bT  +  ^r3,  (11.273) 

which  make  it  possible  to  calculate  these  values  for  intermediate  tem¬ 
peratures,  Godnev  [155]  proposed  to  calculate  the  corrections  for 
the  anharmonicity  of  the  vibrations,  the  centrifugal  stress  and  the 
rotational-vibrational  interaction  only  for  a  number  of  reference 
temperatures  and  then  to  approximate  their  values  by  interpolation  o- 
quations. 

The  temperature  range,  however,  for  which  analytic  equations 
were  deduced  in  the  papers  cited,  was  small  and  the  requirements  as  to 
the  accuracy  of  the  approximation  of  the  values  of  thermodynamic  func¬ 
tions  by  these  equations  were  low. 

In  '.he  present  Handbook,  analytical  equations  were  derived  on 
th^  basis  of  the  values  of  thermodynamic  functions  tabulated  in  the 


J 
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Tablet;  of  Volume  II,  which  describe  the  thermodynamic  properties  of 

gases  at  temperatures  from  293*15  to  bOOO'frwith  an  accuracy  of 

* 

0.002-0.005  cal/mole* degree  for  and  S°.  It  must  be  noted  that  the 

* 

approximation  of  the  and  values  with  the  accuracy  mentioned  a- 
bove  in  such  a  wide  temperature  range  by  power  series  of  the  type 
/  (fl  —  51  OnT'1  requires  the  inclusion  of  terms  up  to  n  =  15-17  into 

/5--J 

the  series  of  powers  of  T. 

The  relations  discussed  in  the  foregoing  divisions  made  it  ob- 

vious  that  the  equations  for  the  calculation  of  4>T  and  S°  values  by 

means  of  the  statistical  sum  and  its  derivatives  must  contain  terms 

proportional  to  In  T  and  T_1  besides  values  proportional  to  T11  at 

—1  —2 

n  >  0.  Thus,  introducing  terms  proportional  to  In  T,  T  and  T  in 
the  equation  of  f(T),  the  number  of  terms  may  essentially  be  dimin¬ 
ished  in  comparison  with  the  usual  power  series  2fl«7”*  •  I-t  may 

shown  that  at  293  <  T  <  6000°C  the  accuracy  mentioned  above  is  at¬ 
tainable  by  breaking  off  the  series  of  T  powers  at  n  =  7,  if  addends 

-1  -2 

proportional  to  In  T,  T  ,  and  T  are  introduced  in  the  equations 

* 

for  the  approximation  of  uhe  *,p  and  values.  Correspondingly,  the 

*0  00 

values  cf  ,  S“,  and  —  Hq  were  approximated  in  the  present  Hand¬ 
book  by  the  equations 

«= 7 

Or  —  9  In  x  ■+•  2  (11.274) 

C=i-2 

Ac*? 

Sr  =  slnx-h  2  (II .  275 ) 

A — i 

H%  —  Hi  =  h  !n  x  +  2  *»**.  (11.276) 

x 

-4 

where  x  =  '1*10 

Due  to  the  fact  that  the  values  of  S|„  and  —  Hq  ere  sim¬ 
ple  functions  of  In  Q  and  x^rlnQ  ,  the  coefficients  in  Eqs. 

( II. f 7-0 -(II.276)  are  conjointea  with  the  following  relations: 
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s  ==  9,  So  =  9  -r  <?3.  =  (n  T  i)9«  at  r.  =£  0;  (IX*  277 ) 

h  -  0,  ^  =>  9  -!G\  =  (/:  —  i)  9^.  10*  at  n  =f=  l.  (II.  2?8) 

Thus,  when  the  coefficients  of  these  equations  must  be  deter¬ 
mined*  it  is  sufficient  to  calculate  the  coefficients  in  the  equa¬ 
tion  of  one  function*  and  after  the  0  the  coefficients  of  the  other 
functions  may  be  found  by  means  of  equations  of  the  type  (II. 277)  and 

(II.278).  The  coefficients  in  Eqs.  (II. 274)-(lI. 276)  have  been  deter¬ 
mined  in  the  present  Handbook  in  terms  of  the  coefficients  of  the  equa¬ 
tion  which  describes  the  values. 

The  coefficients  of  Eq.  (II. 275)  for  each  gas  were  found  by  means 
of  the  method  of  the  least  squares  as  the  result  of  the  solution  cf  a  sys¬ 
tem  of  59  normal  equations**  by  a  highspeed  electronic  computer.  The 
coefficients  of  Eq.  (11.274)  wore  found  by  means  of  Eqs.  (11.277)* 
after  the  Sn  coefficients  of  Eq.  (11.275)  have  been  determined.  This 
method  did  not  permit  determination  of  the  value  of  9^  because 
s  ^  =  3.  In  order  to  find  the  9  ^  values,  the  9*  values  were  calcu¬ 
lated  on  the  basis  of  the  calculated  9n  values  and  Eq.  (11.274)  for 
10  temperatures  in  the  range  of  from  400  to  2000°K*  i.e.*  for  that 

temperate  range  in  which  the  contribution  of  the  9_1x~1  addend  poo- 

* 

sesses  the  maximum  value.  The  values  found  in  this  way  differ  from 

X 

the  values  quoted  in  the  corresponding  table  of  thermodynamic  func¬ 
tions  by  the  magnitude  <P  -1x~'L.  Thus,  the  constant  9  may  be  calcu- 

-x  *  -u 

A  (Or» 

lated  by  means  of  the  relation  9.,  =  —p?—  *  where  A(«I >T)  Is  the 

■Jf 

difference  between  the  tabulated  values  of  9^,  and  those  calculated 
by  means  of  the  approximate  equation  at  9_^  =  0.  The  average  of  the 
ten  calculated  values  of  9_^  was  assumed  to  be  a  constant  in  Eq.  (II. 

27b) . 

The  coefficients  of  Eq.  (II. 276)  may  be  found  in  tern_.  of  the 
coefficients  of  Eqs.  (11.274)  and  (II. 275)  using  the  relations  (II. 
277).  The  values  of  the  constants  "1  the  Eqs.  (II.27,j)-(II.r7'6)  for 
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the  gases  dealt  with  in  the  Handbook,  are  quoted  in  the  Tables 
381-383  of  the  Ilnd  Volume. 

Reference  literature  on  thermodynamic  functions  of  gases. A  large 
number  of  Handbooks  containing  tables  of  thermodynamic  functions  of 
various  gases  in  a  wide  temperature  range  was  published  in  recent 
years.  The  most  important  of  these  Handbooks  are  <  ited  in  Table  13, 
ivhere  a  short  characteristic  of  them  is  given  (authors,  title,  score 
of  the  investigated  compounds,  etc.)  .inge  groups  is  formed  by 
Handbooks  on  thermodynamic  functions  of  hydrocarbons  and  their  deri¬ 
vatives  (Rossini  et  a.  [3507],  Vvedenskiy  [119,119a],  Korobov  and 
Frost  [249,  the  Handbook  edited  by  Tilicheyev  [425-427],  etc.)  In 
the  main,  these  Handbooks  are  compiled  on  the  basis  of  data  published 
in  periodicals. 

The  Handbooks  compiled  by  Zeise  [4384]  ana  Kelley  [2363]  are  the 
most  complete  among  the  Handbooks  on  thermodynamical  properties  of 
inorganic  subr  .  ces  available  at  present.  The  other  Handbooks  treat 
only  discrete  groups  of  compounds,  simple  gases  (Hilsenrath  et  al. 
[2076])  for  example,  elements  (Stull  and  Sinke  [3894]),  halides 
(Brewer  et  al.  [1093])  etc.  A  number  of  the  Handbooks  is  compiled  for 
special  purposes,  which  in  a  definite  manner  effects  the  selection  of 
the  investigated  compounds.  To  these  papers  belong  the  Handbooks  com¬ 
piled  by  Huff,  Gordon  and  Jflorrell  [2142]  and  Ribaud  [3426]  for  pur¬ 
poses  of  rocket  engineering. 

It  must  be  noted  that  tables  of  thermodynamic  functions,  aJopted 
from  various  Handbooks  (see  [197,  229,  378a],  etc.)  are  often  given 
in  a  number  of  manuals  and  monographs  dealing  with  various  heat-en¬ 
gineering  processes.  Such  publications  are  not  included  in  Table  13. 

The  existing  Handbooks  of  thermodynamic  properties  of  gases 
are,  with  rare  exclusions,  compilations.  The  authors  transferred  in 
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most  cases  the  tables  of  thermodynamic  functions  mechanically  from 
the  original  papers  into  the  Handbooks,  not  taking  into  account  the 
change  of  the  physical  and  molecular  constants  duruing  the  time  after 
the  publication  of  these  papers.  This  concerns  above  all  the  Handbook 
compiled  by  Zeise  [4384].  The  lack  of  an  analysis  of  the  accuracy  of 
the  cited  tables  of  thermodynamic  functions  (with  the  exclusion  of  the 
Handbook  by  Hilsenrath  et  al.  [2076])  is  of  great  disadvantage  to  all 
Handbooks. 
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A)  Serial  number; 

B)  handbook; 

C)  authors; 

year  of  publication; 

E)  number  of  reference: 

F)  investigated  compounds  and  temperature  range; 

G)  source  of  the  tables; 

H)  ”Fiziko-khimicheskiye  svoystva  individual  nykhuglevodorodov"  [Phy- 
siochemical  Properties  of  Individual  Hydrocarbons],  Vols.  I,  II, 
and  III; 

I)  editor  M.D.  Tilicheyev; 

K.)  various  hydrocarbons  up  to  1500°K; 

L)  Adopted  from  original  papers; 

W;  the  list  of  the  tables  is  not  completely  known.  The.  upper  temper¬ 
ature  limit  is  5000°K. 

N)  mainly  calculated  anew; 

O)  "Termodinamicheskiye  raschety  protsessov  toplivnoy  promyshlennosti 
[Thermodynamical  Calculations  of  Processes  of  Fuel  Industry]: 

Pi  A. A.  Vvedenskiy; 

Q)  simple  gases  (Og,  Ng,  CO.,  C02,  HgO,  CH^)  up  to  5000°K;  alkanes  and 
alkenes  up  to  1500°K; 

Ei  a  series  of  inorganic  compounds  of  almost  all  elements  up  to  200 0° 

S)  adopted  from  original  papers  and  partially  recalculated; 

T)  "Svobodnyye  energii  organicheskikh  soyedineniy"  [Free  Energies  of 
Organic  Compounds]; 

U)  V. V.  Korobov,  A.V.  Frost; 

V;  alkanes,  akenes,  alkines,  and  a  number  of  simple  gases  up  to  1000 ' 
1500°,  3000°,  and  5000°K; 

W)  elements  and  simple  gases  up  to  2000°K,  halides  of  all  elements 
up  to  1500°K; 

X)  partially  adopted,  partially  calculated  anew; 

Y)  Al,  B,  C,  Cl,  F,  Li,  N,  0,  H,  Ar,  and  their  compounds  up  to  6000° r 
2)  mainly  calculated  anew; 

a)  H,  Cl,  C,  N,  Hg,  02,  N,  OH,  NO,  CO,  C02  up -to  4000°K;  CH,  CHg,  CH, 
up  to  3500°K;  Cl2  up  to  3000°K;  HCN,  N02,  NH^  up  to  2000°K;  H-S, 
CS2,  COS  up  to  l800°K;  NgO,  HgOg  up  to  1500°K;  C2H2  up  to  1000°K 

and  also  a  series  of  alkanes  and  alkenes  up  to  1500°K; 

b)  simple  gases  (0,  H,  N,  C,  02,  Hg,  OH,  HgO,  Ng,  NO,  CO,  C0g)  up  tc 

5000°K;  hydrocarbons  up  to  1500°K; 

c)  mainly  adopted  from  original  papers; 

d)  inorganic  and  simplest  organic  compounds  for  which  tables  of  ther¬ 
modynamic  properties  were  published  up  to  1954; 

e)  Ar,  CO,  COg,  Hg,  Ng,  Og  up  to  5000°K; 

f )  simple  substances  up  to  3000°K; 
g}  the  same ; 

h;  NH^,  COg,  CO,  CgHg,  CgH^,  C^Hg,  Ar,  and  air  up  to  temperatures  not 
higher  than  1000 °K; 

i)  elements  from  H  to  U,  simple  substances  and  a  great  number  of  ox  id 
halides,  hydrides  and  nitrides  up  to  5000°K; 
k)  "Termodinamicheskive  raschety  neftekhimicheskikh  protsessov"  'Thor 
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modynamic  Calculations  of  Petrochemical  Processes]; 

l)  a  series  of  organic  and  inorganic  compounds  up  to  ~  1500  and  5000°K, 
respectively; 

m)  adopted  from  literature  data  published  up  to  1958. 


Manu- 

[Footnotes] 

Ho? 

122  See,  for  example,  the  monographs  by  Mayer  and  Goeppert- 

Mayer.[285],  Landau  and  Lif shits  [272],  Fowler  and  Guggen¬ 
heim  C*»23],  and  Sommerfeld  [1973* 

127*  The  fact  that  some  rotational  levels  are  missing  and  the 

difference  in  the  statistical  weights  of  the  rotational  le¬ 
vels  of  symmetric  molecules  is  taken  into  account  by  intro¬ 
duction  of  a  constant  factor,  the  so-called  symmetry  number 
a,  in  the  statistical  sum  over  the  rotational  states. 

127**  Due  to  the  fact  that  11(21^  +  1)  =  const,  the  component  of 

the  nuclear  spins  in  the  derivatives  of  In  Q,  and,  therefore, 
in  H°t  —  H°0,  C°p,  etc.,  is  equal  to  zero. 

129  The  summation  may  also  be  carried  over  the  principal  quantum 

numbers  of  the  electrons  of  the  atoms;  in  this  case,  each 
term  of  the  statistical  sum  is  in  turn  a  sum  over  the  states 
with  the  given  value  of  the  quantum  number  n. 

132*  According  to  Bohr*s  theory,  the  difference  between  the  ex¬ 

citation  energies  of  discrete  states  with  the  principal  qu¬ 
antum  number  n  and  n  +  1  become  arbitrarily  small  at  n  00 . 

132**  It  was  noted  in  the  paper  by  Gurvich  and  Kvlividre  [171j 
that  evidently  excessive  values  of  n were  obtained  by 
Baumann  due  to  the  presumption  that  the  continuous  spectrum 
of  electronic  states  begins  at  the  state  where  energy  differs 
from  ionization  energy  by  a  magnitude  of  the  order  h/x.  If 
we  assume  that  the  latter  quantity  is  the  upper  limit  for 
the  difference  between  the  energies  of  two  adjacent  discrete 
states,  we  obtain,  instead  of  the  values  found  by  Baumann, 

400  and  40,  respectively.  Lower  values  of  nmay  may  be  ob¬ 
tained  if  one  takes  into  account,  that  not  one,  but  several 
states  correspond  to  the  given  value  of  n.  The  lack  of  data 
on  the  excitation  energies  of  the  majority  of  high  states 
and  on  the  lifetime  of  these  states  makes  this  method  in¬ 
applicable  for  concrete  calculations. 

133  It  seems,  that  a  similar  method  for  the  determination  of 

n&ax  was  proposed  by  Bethe  in  1942,  but  it  was  never  pub¬ 
lished  (see  [6873)* 
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In  calculating  the  statistical  sum  in  Eqs.  (II.  16),  the  sum- 
mation  over  i  is  subsequently  carried  out  in  accordance  with 
the  increasing  energy  of  the  electronic  states  and  indepen¬ 
dently  of  the  value  of  n$  the  sums  must  be  discontinued  on 
states  for  which  n  <  n^~y.  The  summation  may  also  be  carried 

out  over  the  values  of  the  quantum  number  n;  in  this  case 
each  term  of  the  sum  is  a  sum  over  the  stages  with  the  given 
value  of  the  quantum  number  n.  This  method  of  calculation, 
however,  is  less  convenient  for  practical  purposes. 

This  is  equal  to  the  magnitude  of  the  error  in  the  functions 
due  to  the  inaccuracy  of  the  well-known  values  of  physical 
constants. 

For  example,  4032  electronic  states  correspond  to  the 
value  n  <  12  in  the  nitrogen  atom  with  2fP(*P)nt  and  2pQD)nl 
state  groups. 

Excluding  these  states  of  each  group  which  refer  to  levels 
with  lower  excitation  energies. 

The  diatomic  hydrogen  and  its  isotopic  varieties  are  an 
exclusion;  the  stipulated  condition  is  not  fulfilled  in  their 
case  up  to  1000°K.  The  corresponding  error,  however,  in  the 
values  of  the  thermodynamic  functions  of  and  of  its  iso¬ 
topic  varieties  is  negligible  (see  page  358)  even  at  T  = 

=  293.15°K,  i.e.,  at  the  lowest  temperature  for  which  tables 
of  thermodynamic  properties  are  compiled  in  this  Handbook. 

The  results  of  this  investigations  were  reported  at  the 
Conference  of  the  Young  Scientific  Coworkers  of  the  Insti¬ 
tute  of  Mineral  Fuels  of  the  Academy  of  Sciences  USSR, 

October  23,  1957  [178]. 

It  is  iufficient  to  recall  that  only  in  the  X^Z*  electronic 

state  does  the  N2  molecule  possess  about  J/'-lO-'  vibrational 

and  rotational  energy  levels,  and  that  at  high  temperatures 
all  these  levels  must  be  taken  into  account  in  the  calcula¬ 
tions. 
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The  number  of  stable  electronic  states  of  the  molecule  is 
always  small  in  comparison  to  tne  number  of  vibrational  and 
rotational  levels.  Thus,  the  calculation  of  the  sums 

(-hc/ldT.vj?  )  does  not  cause  an  essential  increase  in 
ithe  amount  of  calculating. 

The  magnitude  Is  termed  characteristic  temperature. 

Smirnova  and  Frost  f386]  accomplished  these  tables  for  the 

o 

values  of  0,2<jr<0,6c  in  intervals  of  0.1,  i.e.,  in  the 

range  of  values  of  9/ T  which  corresponds  to  high  tempera¬ 
tures.  The  tables  compiled  in  the  paper  [386]  are  inappli¬ 
cable,  however,  for  sufficiently  accurate  calculations  be¬ 
cause  the  intervals  between  the  values  of  6/ T  and  x  are  too 
large  for  a  satisfactory  interpolation.  Due  to  this  fact,  the 
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tables  of  the  values  of  A  In  _ jpif  5,  v\t*s*  and  s  were  cal¬ 

culated  anew  on  an  electronic  computer  when  this  Handbook 
was  prepared.  The  tables  are  calculated  for  the  values 
0.000  <  x  <  0.025  in  0.001  steps,  and  for  the  values 

0,05 <£<6.0  in  0.01  steps  in  order  to  facilitate  the  inter¬ 
polation  and  to  increase  its  accuracy.  These  tables,  as  v«ell 
as  the  other  auxiliary  tables  prepared  by  the  authors  of 
the  Handbook,  will  be  published  separately. 

At  x  =  0,  we  have,  according  to  (11.57)  ’»«“*  and 

2  the  latter  expression  is 

the  statistical  sum  of  the  harmonic  oscillator. 

The  application  of  the  equation  GQ(v)  =  a dqv  —  a)0x0v2  for 

the  energy  of  the  vibrational  levels  in  the  Gordon-Barnes 
method  is  equivalent  to  the  assumption  that  the  potential 
energy  of  the  molecule  is  described  by  a  Morse  function. 

According  to  Kassel  [2333]>  the  following  functions  are 
valid: 

/•-l. 

/*«*<  1 -*)-*. 
h  -  2(1  +*)<1  -*)-«. 

/,-*<l+4*  +  **)(l_*)-«, 

/*«  *(1+11* +«*»+*»)  a-*)-4. 
h  -  *  (1  +  26*  +  66**  +  26**  +  **)  (1  —  *)-* . 

/«-*  (1  +  57*  +  3022*  +  302**  + 57** +  **)(i -*)-«.  * 

/» -*(1  +  120*  + 1191**  +  2416**  + 1191**  + 120**  +  *«)(i  _  ,)-t  . 

/•«*(!+  247*  +  4293**  + 15619**  + 15619*4  +  4293**  +  247**  +  *»)  (1  —  *)-«, 

r^A-o. 

d  he 

r3f h  “if  ®*f 11  — *>'*  * 

— *)"*« 

Tirk *  £r°*<1 + 252 + *** + 15**>  <«  -*)■•. . 

T§f  h  -  C1  +  56*  +  276**  +  236**  +  31*«)  (1  -*)** . 

T?rh  -  «**  (1  + 119*  + 1134**  +  2114**  +  889**  +  63*»)  (1  —  *}-* , 

T  jjh  -  ^  (1+ 246* +  4173**+ 14428**  + 13203**  +  3102**  +  127**>(1  -*)-*. 

r^=/,-.-^*v(l+50n  + 14361**  +83941**  +140571**  +  72615**  + 

+ 10315**  +  255**X1  —*r*  • 
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Relations  similar  to  those  proposed  by  Brounshteyn  and 
Yurkov  [110]  were  obtained  also  by  Aruym  [75a]  in  196'Dj 
with  regard  to  the  errors  committed  in  [75a],  see  [110a]. 

kT  1 

A  more  strict  approximation  gives  Qm  p  «=  -f-  + . . .  ,  and 

then  an  additional  term  R  l/3q,  which  is  valid  only  at  low 
temperatures,  appears  in  Eq.(II.83). 

During  the  preparation  of  this  Handbook,  tables  cf  the  val¬ 
ues  a StaiR,  (Ht  —  H»)f'0IR.  CPrg  JR  were  calculated  on 

electronic  computer  as  functions  of  0/T  for  the  ranee 
o.ccco<^r<6,i300  in  o.OOOl  stepsj  for  the  range  0.1300<  j-  <1.300 
in  0.001  stepsj  for  the  range  t  300<—<7.00  in  0.01 

steps,  and  for  the  range  7,00  15.0  in  0.1  steps  in  order 

to  obtain  the  components  of  the  harmonic  oscillator  for  the 
calculation  according  to  the  rigid  rotator-harmonic  oscil¬ 
lator  model,  and  also  according  to  the  Gordon-Barnes  me¬ 
thod  (R  In  Qkol  and  Skol  at  x  =  0).  These  tables  as  well  as 

other  auxiliary  tables  will  be  published  separately. 

States  with  S  >  0  or  A  >  0  are  termed  mult Ip let  electronic 
states  in  this  Handbook. 

The  lower  the  temperature  for  which  the  thermodynamic  func¬ 
tions  are  calculated,  and  the  greater  the  splitting  of  the 
components  of  levels  with  the  given  value  of  J,  the  greater 
the  difference  between  the  components  which  take  into  ac¬ 
count  the  splitting  of  the  rotational  levels  of  the  multi - 
plet  electronic  states,  and  the  values  calculated  by  means 
of  the  statistical  weights  quoted  in  Table  7*  It  must  be 
noted  that  this  effect  may  be  taken  into  account  by  the 
statistical  weight  2  due  to  the  fact  that  the  splitting  ,f 
the  levels  caused  by  the  A  doubling  is  always  very  small. 

The  splitting  of  the  rotational  levels  in  state,  caused 
by  the  A  doubling,  may  in  all  cases  be  taken  into  account 
with  sufficient  accuracy  by  the  statistical  weight  2. 

Papousek  obtained  1961  formulas  for  the  calculation  of 
Qy  vr  of  molecules  in  the  states  [  3183a]  and  2n  [3133b]. 

These  formulas  are  similar  to  those  obtained  earlier  in  the 
papers  [109,  445,  446]. 

The  relations  cited  above  are  obtained  on  the  assumption 
that  Jmax  =  if  it  is  necessary,  corrections  may  be  in¬ 
troduced  in  those  equations  which  take  into  account  the  li¬ 
mitation  of  the  number  of  rotational  levels  by  means  of  the 
Eqs.  (11.59)  and  (II.60). 

The  calculation  was  carried  out  on  the  basis  of  the  "effec¬ 
tive”  values  of  the  conscants  of  CCl35*457  molecule  (see 
page  220). 

This  assumption  is  sufficiently  fulfilled  in  a  nui:.b<  -  of 
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was  assumed  instead  of  the  relation  (II. 125)  in  the  paper 
[71^].  This  expression  may  be  obtained  from  (11.125)  expan¬ 
ding  in  the  latter  and  z^  into  Taylor  series  and  break¬ 
ing  off  the  series  on  the  terms  with  hc/kt  caQ.  It  is  evident 
that  such  an  expansion  is  accurate  only  at  hc/kT  a>0  <X  1. 

Here  and  in  the  following,  v#  is  expressed  in  cm'1,  and 
T  in  °K. 


? 

In  this  case,  the  terms  dQ  +  3^0  +  fo  mus"fc  n°t  ^e  taken  into 
account  in  the  expression  for  In  2. 

2 

In  this  case,  the  terms  2dQ  +  7>53q  +  3fp  must  not  be  taken 
into  account  in  the  expression  for  ln£-f  r^*ln  £ 

In  this  case,  the  t  rm  l/3qQ  must  not  be  taken  into  account 
in  the  expression  for  In  2. 


In  this  case,  the  term  l/3q  must  not  be  taken  Into  account 
in  the  expression  for  In  2. 


We  remember  that  the  statistical  weight  of  a  single  vibra¬ 
tional  state  is  equal  to  1  in  the  case  of  nondegenerate  vi¬ 
brations,  equal  to  vn  +  1  in  the  case  of  doubly  de-'en-'raten, 

and  equal  to  (vn  +  2)  (vn  +  l)/2,  in  that  of  triply  degen¬ 
erate  vibrations. 


Stripp  and  Kirkwood  [3838]  obtained  for  the  statistical  .:ui 
over' the  rotational-  states  of  <■.  rigid  nonlinear  rolocul"  an 
expression  of  the  followirg  form 


o  i/I «  ■  1  *  r2,  ■  2s  ,  “i  B  6C}. 

JSCKkc)  1/  ”•*  12*7’  [24-r-2S-_w~  c  — X“TJT 
+ «§q  (if*)!10  W  +  & -r  O  + 12  (AS  +  BC  +  AC,  -  12  (- 


ac* t  agy 


ca>  cm  +  c,b\ 

+  g  j 


8*C*  ,  CMg\* 

•  a *  /j,’* 


where  the  correction  terms  are  effective  only  a l  low  temper¬ 
atures. 


A  number  of  equations  which  are  absent  in  the  original  pa¬ 
pers  by  Gordon  and  Kassel  are  cited  in  this  and  in  the  fol¬ 
lowing  divisions.  These  equations  were  obtained  by  L.V.  Gur- 
vich  during  the  preparation  of  the  first  edition  of  the 


J 


paratlon  of  the  first  edit-on  of  the  present  Handbook. 

199**  The  last  term  in  Eq.(II.l85)  is  a  correction  of  the  statis¬ 
tical  sum  of  a  rigid  asymmetrical  top  (see  footnote  on  page 
362).  The  less  accurate  expression 

9BC  1  8fl3C  _ _ 

a  12  0^  *  rAe  aac~  V  °ssc- 

was  used  instead  of  this  term  in  the  similar  formula  in 
Gordon's  original  paper. 

201*  'n  Gordon's  tables,  the  value  of  for  doubly  degenerate 

vibrations  is  calculated  only  by  means  of  one  table  and  not 
by  two  tables,  as  in  the  case  of  diatomic  molecules. 

201**  These  tables,  together  with  other  auxiliary  tables,  will 
be  published  separately. 

209  The  methods  of  allowing  for  the  internal  rotation  in  mole¬ 

cules  when  calculating  the  thermodynamic  functions  of  gases 
are  stated  in  detail  in  the  monograph  by  Godnev  [157]- 

225  In  the  tabler  oncerning  thermodynamic  functions  of  uiatomic 

gases  calcuj.av.ed  by  immediate  summation,  the  values  of 

<i>^  and  S°  are  given  up  to  10, 000 °K  with  four  significant 

digits  after  the  decimal  point. 

228*  The  relations  (II. 267)  and  (11.268)  are  applicable  for  th«- 

estimation  of  cov  only  undej  the  condition  (-^slY  > 

_  3Da  e  e  \<W  ^ 

rufy  *  i.e.,  when  the  dissociation  energy  of  the  mole¬ 
cule  exceeds  the  value  obtained  by  linear  extrapolation  b- 
more  than  25$. 

-tS**  Approximate  values  of  these  constants  for  the  estimation  o: 

uncertainties  may  be  calculated  by  means  of  the  conations 
,  *  -•  ,  and  n~.i3i  (see  page  86). 

^  ~  «* 

-32*  The  coefficients  in  the  equation  for  SZ  may  be  calculated  in 

terms  of  the  coefficients  in  the  equation  fox’  <*>*.  In  this 
case,  however,  the  accuracy  of  the  approximation  of  the 

S°  values  proves  to  be  insufficient  on  the  borders  of  the 

temperature  interval. 

The  thermodynamic  functions  of  gases  have  been  calculated 
in  the  Handbook  for  59  temperatures  in  the  range  of  from 
293-15  to  6000°K. 
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[Transliterated  Symbols] 

nocT  =  post  =  postupatel*..yy  =  translational 

bh  =  vn  =  vnutrenniy  =  internal 

h.c.  =  ya.s.  =  ^adernyy  spin  =  nuclear  spin 

3ji  =  el  =  elektronnyy  =  electronic 

Bp  =  vr  =  vrashchatel ' nyy  =  rotational 

KOJi.Bp  -  kol.vr  -  kolebatel’nyy-vrashchatei’nyy  =  vibration- 

-rotational 

np  =  pr  =  predel’nyy  '  limit 

ko.t  =  kol  -  kolebatel’nyy  =  vibrational 

r.c.  =  g.o.  =  garmonicheskiy  ostsillyator  =  harmonic  osci¬ 
llator 

x.p.  =  zh.r.  =  zhestkiy  rotator  =  rigid  rotator 

sc.p.r.o.  =  zh.r. g.o.  =  zhestkiy  rotator-garmonieheskiy 

astsillyator  =  rigid  rotator -harmon¬ 
ic  oscillator. 

3aT.Bp  =  zat.vr  =  zatormozhe  moye  vrashcheniye  =  retarded 

rotation 

cb.bp  =  sv.vr  s\ ibodnoye  vrashcheniye  =  free  rotation 
no  =  pr  -  privedennyy  =  reduced 
an  =  yad  =  ycuernyy  -  nuclear 

cm. M3  =  sm.iz  =  smesheni^ a  izotopov  =  mixing  of  isotopes 
h.c  =  ya.s  =  yadernyy  spin  =  nuclear  spin 
cmm  =  sim  =  simmetriya  =  symmetry 


-  244  - 


Chapter  j 

METHODS  OF  CALCULATION  OF  THE  THERMODYNAMIC  FUNCTIONS 
OF  SUBSTANCES  IN  SOLID  AND  LIQUID  STATES 

§17-  GENERAL  RELATIONSHIPS 

attempts  to  apply  statistical  methods  for  the  calculation  of  the 
specific  heat  and  of  other  thermodynamic  functions  of  crystalline  s in¬ 
stances  date  back  to  the  beginning  of  the  XXth  century,  i.e.,  to  the 
time  of  the  origin  of  the  quantum  theory.  One  did  not  succeed,  how¬ 
ever,  to  develop  practical  methods  of  calculation  of  the  thermodyna¬ 
mic  functions  of  substances  in  the  solid  state,  in  which  results  of 
experimental  measurements  of  the  specific  heat  were  not  applied,  _r. 
spite  of  the  series  of  fundamental  investigations  by  Einstein,  Ne-ns 
and  Lindeman,  Debye,  Born  and  Karman,  and  the  subsequent  deveiopir  nil 
these  works  by  Blackman,  Tarasov,  Lifshits  and  others.  The  exi.  - 
tent  theories  o  '  specific  heat  were  applied  only  to  a  limited  extent, 
mainly  as  methods  of  extrapolation  of  the  data  on  specific  heat  to  the 
absolute  zero. 


The  determination  of  thermodynamic  functions  of  substances  in 
-olid  and  1'ouid  states  at  high  temperature^  on  the  basis  of  theore¬ 
tical  calculations  is  also  practically  impossible  due  to  the  3  ■  -i;  of 
any  reliable  methods  for  the  calculation  of  the  temperatures  and  heats 
of  the  phase  transitions  and  of  the  specific  heats  of  substances  in 
tno  liquid  state. 

Ti.us,  the  calculation  of  tables  of  thermodynamic  functions  of 
.nor,  inns  os  in  solid  and  liquid  states  may  at  present  b  carried  out 
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only  on  the  basis  of  the  results  of  experimental  measurements  of  the 
specific  heat  and  the  heats  of  the  phase  transitions,  using  the  re¬ 
lations  based  on  the  thira  law  of  thermodynamics. 

A  thorough  statement,  of  the  calorimetric  methods  of  measuring 
the  specific  heat  and  of  the  enthalpy  of  substances,  of  the  melting 
and  transformation  heats,  etc.,  may  be  found  in  a  number  of  special 
monographs.*  In  this  chapter,  only  several  properties  of  the  existing 
methods  of  measurement  of  those  values  and  methods  of  processing  ex¬ 
perimental  data  will  be  discussed,  which  is  necessary  for  a  critical 
analysis  of  the  experimental  material  discussed  in  the  2nd  Part  of 
the  I  volume  of  the  Handbook. 

It  must  be  noted  that  the  thermodynamical  properties  of  many 
substances  are  up  to  now  insufficiently  investigated,  especially  at 
high  temperatures.  Th-*  available  date  on  a  number  of  substances  are 
unreliable,  and  the  thermodynamic  values  are  totally  unknown  for 
many  other  substances.  Nevertheless,  the  various  approximate  methods 
based  on  empirical  and  semi-empirical  regularities  make  it  possible. 

In  many  cases  to  estimate  the  unknown  thermodynamic  values  with  suf¬ 
ficient  accuracy. 

Therefore,  the  approximate  methods  of  calculating  and  estimating 
thermodynamic  values  will  also  be  stated  in  this  chapter  beside  the 
methods  of  processing  of  experimental  data. 

Theory  of  the  specific  heat  of  solids.**  Einstein  [1471]  in  1907 
applied  the  classic  Boltzmann  statistics  on  the  theory  of  the  specific 
heat  of  crystalline  substances.  Einstein’s  theory  was  based  on  the 
assumption  that  the  vibrations  of  atoms  in  a  monatomic  solid  may  be 
considered  as  vibrations  of  harmonic  quantum  oscillators  with  the  same 
frequen  y  to  and  with  the  energy  levels 

e,  «  e0  +  vhao,  (III. I) 
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"i.e?  -j  and  eQ  are  the  energies  or  the  oscillator  on  the  vth  and 
.ero  levels:  h  is  the  Planck  constant,  c  is  the  velocity  of  light,  and 
_v  is  the  quantum  number. 

Substituting  Eq.(m.l)  into  the  equation  for  the  statistical  sum 
over  the  states  (6)  and  denoting  hc-Vk  by  0p  (  the  "characteristic 
Ernstein  temperature"),  one  may  obtain  the  following  relation  for  the 
specific  heat  of  l  gram-atom  of  substances  at  a  constant  volume; 


ioxp  (0£/T)  —  ip  —ZE{b£JT). 


(III. 2) 


rhe  quantity  E^g/T)  is  the  Einstein  function  for  the  specific  h£ 


of  a  onedimensional  harmonic  oscillator. 

This  equation  satisfies  the  conditions  lim(C  )~  =0  and 

•“im^Cv^T ~  53  3R  which  result  from  the  third  law  of  thermodynamics 
ana  the  Dulong  and  Petit  law,  respectively.  Eq.(III.2)  satisfactoril- 
describes  the  specific  heat  of  substances  at  relatively  high  temper¬ 
atures;  at  low  temperatures,  however,  the  values  calculated  by  L:. 
(III. 2)  are  essentially  lower  than  the  values  found  experimentally. 

lierr.st  and  Lindeman  [ 30^-5]  (in  1911)  found  a  somewhat  bet;  n-  ■ 
furmity  with  the  experiment  using  the  empirical  equation 

Cu  =  £  J/T)  -r  —  £  (0/27), 

(III. 3) 

..inch  assumes  the  existence  cf  two  characteristic  frequencies  differ¬ 
ed  "L'y  two  times  from  each  other. 

In  Debye's  theory  [128lj  (in  1912),  the  monatomic  crystalline 
i.j  considered  to  be  a  continuous  isotropic  elastic  medium  bavin  ; 
an  infinitely  great  number  of  natural  vibrations  with  frequencies  fr.v 
lo  \Sv»  assuming  that  the  distribution  function  cf  these  frame.- 
’ °ver  this  interval  has  the  form 


/  — -  C<~- 

^  :  ^  2v*  the  function  is  f(w)  ,=  o). 

-  - 


Uti.-O 


The  quantity  <5^  =  hero  ^/k,  the  characteristic  Debye  temperature,* 
enters  into  the  Debye  equation  for  the  specific  heat  of  1  gram-atom 
substance  at  a  constant  volume: 


C.-3S  [12(776*)*  \ 


the** 
\  XT 

>~\rT  ) 

3  [Or.IT)  1 

expj 

f  r-^\ 

„  k?  j  ~  1 

exp(0o/D-lJ 

At  low  temperatures  (T  «  6^),  Ea.(III.5)  assumes  a  simpler 

form: 


C0  = 


(III. 6) 


corresponding  to  which  the  specific  heat  of  a  monatomic  body  is  pro¬ 
portional  to  the  third  power  of  the  temperature  at  low  temperatures. 

Equations  (III. 5)  and  (III. 6)  are  in  better  accordance  with  ex¬ 
perimental  data  than  the  Eqs.  (III. 2)  and  (III. 3)  obtained  by  Einstein 
and  Nernst  and  Lindeman.  A  more  thorough  study,  however,  shows  that 
even  in  the  case  of  isotropic  simple  substances  a  significant  devia- 
tion  from  tne  TJ  rule  occur,  caused,  in  particular,  by  the  assumption 
of  the  Debye  theory  that  it  is  possible  to  consider  the  crystal  lat¬ 
tice  as  a  continuous  elastic  me  dium. 

In  the  dynamic  theory  of  the  crystal  lattice,  developed  by  Lorn 
and  Karman  [869a,  870]  (1912-1915),  the  crystal  is  considered  to  be  a 
sustem  of  harmonic  oscillators  whose  frequencies  correspond  to  the 
natural  frequencies  of  the  crystal.  The  inner  energy  and  the  specific 
heat  of  complex  compounds  whose  molecules  consist  of  £  atoms,  may  be 
expressed,  according  to  this  theory,  as  combinations  of  the  Debye  and 
Einstein  functions  (see  [93&]): 


C0  =  ^  D  (0*/f )  +  £  £  (G^/7*), 

/=i 


(III. 7) 


■where  6.  ,  0  ,  and  are  the  characteristic  Debye  temperatures  re- 

1  2  "3 

presenting  the  elastic  properties  of  the  anisotroric  crystal  lattice. 
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■./id  r~  are  the  characteristic  Einstein  temperatures  related  to  the 
natural  oscillations  of  the  lattice.*  Attempts  were  made  in  a  number 
of  works  to  combine  the  values  of  the  characteristic  Debye  and  Einstein 
temperatures  with  various  thermal,  mechanical  and  optical  properties, 
in  particular,  with  the  frequencies  of  the  residual  radiation  of 
Rubens  [35^6a]  (the  spectral  bands  in  the  far  infrared  range  of  cry¬ 
stal  spectra).  In  some  cases,  the  calculations  of  characteristic  tem¬ 
peratures  by  means  of  the  various  empiric  equations  succeeded  in  a 
sufficient  coincidence  with  values  calculated  on  tne  basis  of  experi¬ 
mental  measurements  of  the  specific  heat. 

The  theory  of  the  specific  heat  of  crystalline  substances  was 
developed  in  two  fundamental  directions  during  the  past  two  to  three 
decades.  In  the  papers  by  Blackman  [834a],  Houston  [2132a]  and  many 
other  investigators,  it  was  attempted  to  improve  the  Debye  theory  ry 
substituting  the  postulated  parabolic  distribution  function  oi'  the 
frequencies  (III. 4)  by  another  function  which  describes  the  real  dis¬ 
tribution  of  frequencies  of  crystal  lattices  of  various  types  much 
tester.  Rational  methods  were  not  to  be  found,  however,  up  to  no-., 
to  determine  this  function;  thus,  only  the  Inverse  problem  was  trenle,. 
in  practice:  to  find  the  distribution  function  on  the  basis  of  t^a 
experimental  values  of  the  specific  heat. 

Another  direction  in  the  development  of  the.  theory  of  specific 
heat  of  solids  is  represented  in  the  papers  by  Tarasov  (see  the  re¬ 
view  [456],  Lifsbits  [277»  278]  and  some  ether  investigators  dealing 
with  the  development  of  the  theory  of  the  specific  heat  cf  laminar 
and  chainlike  crystal  lattices.  These  theories,  however,  as  welj  as 


siib/o’s  theory,  fird  practical  application  only  by  the  extrapolation 
cf  experimental  data  on  the  specific  heat  to  0°K  (see  page  253), 

Eq  untie  ns  for  the  calculation  of  thermodynamic  functions.  Ac.-,  r  1- 
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ing  to  the  general  relationships  (see  §1),  the  thermodynamic  func¬ 
tions  of  substances  in  solid  and  liquid  states  may  be  calculated  by 
the  equations: 


/£  —  (/£w.u  -  Hi)  4-  ^  C?<-T  +  A.V‘r.  -r  +  .  . 


iij.li 


r. 


~  A  A'l  a-  \  /'“>•+*)  ^7« 

•  •  ^  z: , 


(III. 9) 


s*r=s: 


j'-.ii 


r. 


C‘? 


A// 


\  -f-dT  +  ...  -jr 

j, 


7/ 


p  c</+1) 

+  V~dT*  (III.  10) 


C 


r 


(III. 11) 


where  H|0g  ^  ~  Ho  is  the  chanSe  °f  the  enthalpy  of  the  substance  from 

0  to  198.15°;  S298  15  is  entr°Py  cf  the  substance  at  298.150K; 
c(l)  q(2)  ^  p(i+l)  are  the  specific  heats  of  the  substance  in 

P  3  P  *****  p 

different  phase  states,  determined  as  functions  of  the  temperature; 

Tl*  T2-*  ****  Ti  are  the  temPe  Atures  of  the  phase  transitions,  inclua- 

© 

ing  the  melting  point*;  Ai^  ,  AH£  ,  ...,  Ah£  are  the  heats  of  the 
phase  transitions  including  the  melting  heat. 

The  quantities  on  the  right  side  of  Eas.  (III. 9)  and  (III. 10) 
are  starting  values  for  the  calculation  of  the  thermodynamic  functions 
cf  substances  on  solid  and  liquid  states.  The  values  of  these  quanti¬ 
ties  for  the  individual  substances  accepted  in  the  Handbook,  are  quo¬ 
ted  in  the  corresponding  sections  of  the  2nd  Part  of  Volume  I. 

-H?-.  DETERMINATION  0?  THE  THERMODYNAMIC  VALUES  OP  SUBSTANCES  IN  SOLID 
AND  LIQUID  STATES  ON  THE  BASIS  OF  THE  EXPERIMENTAL  DATA  AND  ON 
EMPIi  CAL  ESTIMATES 

Entropy  at  293.15°K  and  change  of  the  enthalpy  I:°.  ,>  ,r  —  H°.  The 
values  cf  these  magnitudes  for  substances  in  solid  and  liquid  states 
may  be  determined  with  high  accuracy  on  the  basis  of  experimental  ;-f_ 
asu  en.ents  cf  the  specific  heat  from  absolute  zero  to  lbJK, 
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jico  Ly  i;.ei*no  of  the  temperatures  and  heats  of  phase  transitions  if 
they  take  place  at  these  temperatures.  The  measurements  of  specific 
heats  at  lew  temperatures  are  carried  out  in  the  intervals  between 
rcori  temperature  and  the  so-called  "nitrogen"  temperature  (about  55°K), 
"hydrogen"  temperature  (about  12°K)  and,  in  some  cases,  the  "helium" 
temperature  (1-4°K). 

The  accuracy  of  the  measurements  of  the  specific  heat  at  low 
temperatures  depends  on  a  number  of  factors:  the  accuracy  of  the  do¬ 
sage  of  the  energy  supplied  for  heating,  thp  degree  of  avoidance  of 
heat  loss,  the  accuracy  of  the  measurement  of  small  heatings  due  to 
the  supplied  energy  portions,  and  the  accuracy  of  the  temperature 
measurement  (see  [395,  398]).  Accordance  between  the  temperature  scale 
and  the  thermodynamic  scale  used  acquires  an  important  part  in  the 
exact  measurements  of  the  specific  heat  at  low  temperatures.  The  in¬ 
ternational  temperature  scale  between  90  and  298°K,  and  also  the 
practical  temperature  scales  used  in  the  U.S.  [2096]  and  the  USSR 
!_  ye j  in  the  20-90°K  interval  differ  from  the  thermodynamic  scale 
..ct  more  than  +0. 5-0.1$.  This  difference  increases  below  20°K  and  .  v 
reach  +5^  at  10-15°K.* 

An  analysis  of  the  sources  of  errors  and  a  comparison  of  the  data 
obtained  by  various  investigators  lead  to  the  conclusion  that  the 
error  of  the  most  accurate  measurement  of  the  specific  heat  amounts  to 
+0.1-0. 2%  within  the  interval  from  room  temperature  to  20°K,  and  !n- 
reuses  up  to  +0. 5-I/j  below  20°K. 

Due  to  the  fant  that  for  the  excessively  high  majority  of  sir  pie 

substances  and  inorganic  and  organic  compounds  in  the  crystalline  state 

tne  entropy  values  at  203,lp°K  lie  between  3  and  40  cal/moievdegro  ?, 

the  error  -  uhe  measurements  of  the  specific  heat  mentioned  above  r°- 

s.l;.'  In  uneertai.ities  in  the  values  of  S°  ...  of  the  order  0.01-0.1 

a  to.  ip 
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cal/mold* degree.  Thus,  for  example,  accurate  measurements  of  the  spe¬ 
cific  heat  of  benzoic  acid,  recommended  as  standard  substance  for  the 
low  temperature  calorimetry,  were  carried  out  by  two  investigator 
teams:  Furukawa,  McCoskey  and  King  [1633]  (l4-300°K)  and  Strelkov, 
Sklyankin  and  Kostryukov  [50a,  378a,  399]  (4-300°K).  The  recommended 
values  40.055  [1633]  and  40.04  +  0.08  cal/mole* degree  [399]  differ  only 
by  0.015  cal/mole ‘degree,  i.e.,  by  less  than  0.05$. 

Among  the  substances  treated  in  the  present  Handbook,  the 
following  have  an  unc°rtainty  in  the  entropy  value  at  298.15°K  of  the 
order  of  +0.2-0. 3$  (the  values  given  ii  cal/mole • degree) : 

A1203  (12.175  ±  0.02),  KC1  (19.70  +  0.05),  Li20  (9-056  +  0.03),  K 
(15.46  +  0.05),  Mg  (7.78  +  0.03),  A1  (6.77  ±  0.02),  Pb  (15.49  +  0.05), 
PbO  (cryst.,  yellow)  (16.42  +  0.03). 

It  must  be  noted  that  an  essential  error  in  the  calculation  of 
the  values  on  tl  e  basis  of  experimental  data  is  frequently 

caused  by  the  large  extrapolation  of  the  specific  h«at  to  C°K.  The 
extrapolation  may  be  carried  out  accurately  only  at  the  lowest  temper¬ 
atures,  when  the  specific  heat  obeys  Debye's  rule  (III. 6).  This  occurs, 
however,  even  in  the  case  of  the  simplest  crystalline  lattices,  at 
temperatures  of  the  order  of  (0.02-0.01)0^  ( 6 ^  is  the  characteristic. 
Debye  temperature).  Complex  and  anisotropic  lattices  (laminated,  etc) 
show  frequently  a  curve  of  the  specific  heat  which  may  not  be  d-.v.cri- 
03a  even  approximately  by  Debye's  equation.  Combinations  of  thu.  Debye 
and  Einstein  functions  (Eqs.  (III. 7)  and  (III. 8)  are  used  in  these 
cases  for  the  extrapolation  to  zero,  adjusting  them  to  the  lower  sec¬ 
tion  of  the  experimental  curve.  Kelley  [2364]  assumed  that  the  error 
in  the  entropy  obtained  by  such  an  extrapolation  of  the  specific  heat 
to  0°K  r  •  y  be  approximately  10$.  Taking  into  tecount,  however,  the 
po~  ibility  of  anomalies  of  the  specific  heat  and  the  reduced  accuracy 


1 

>£  its  determination  at  its  lowest  temperatures,  the  magnitudes  of  j 

the  possible  error  of  the  entropy  must  be  increased  to  20-30$  of  the  § 

value  obtained  by  extrapolation  to  0°K.*  1 

In  cases  where  the  investigation  of  the  specific  heat  is  carried  1 

out  in  order  to  calculate  the  thermodynamic  functions  of  substances,  § 

it  is  expedient  to  determine  the  lower  temperature  limit  of  the  exper-  | 

imental  measurements  by  that  amount  whicn  contributes  to  the  extra-  | 

relation  of  the  specific  heat  below  this  limit  up  to  0°K  to  the  value  I 

of  the  entropy.  In  this  case  it  is  desirable  that  the  entropy  value,  1 

which  is  determined  by  extrapolation  of  the  specific  heat  to  0°K,  does 
not  essentially  exceed  the  value  of  the  total  error  in  S^g  i.e., 
that  it  is  not  greater  than  0.01-0.10  cal/mole* degree. 

The  criterion  indicated  above  may  be  joined,  in  the  case  of  sim¬ 
ple  substances,  with  the  characteristic  Debye  temperature.  As  Table  l 

14,  shows,  the  entropy  values  at  low  temperatures  depend  very  strongl- 
cn  the  characteristic  temperature;  for  example,  the  entropy  of  sub-  s 

stances  with  6^  =  300  at  12°K  is  equal  to  0.01  cal/g-a tom* degree,  *.<n 
in  the  case  of  6 Q  =  50,  the  entropy  at  12°K  exceeds  1.4  cal/g-at or* 

•uegree.  A  study  of  the  Table  shows  that  one  may  restrict  oneself  to 
measurements  of  the  specific  heat  in  the  interval  of  from  2S‘8°K  to 


’’nitrogen"  temperature  (about  55°K)  only  in  the  case  of  a  low  number 
of  substances  having  a  characteristic  Debye  temperature  of  the  order 
•-f  10003  and  above,  when  reliable  entropy  values  at  29S.35°K  are  t:o  bo 
obtained.  The  measurement  of  the  specific  heat  must  be  expanded  to 
"hydrogen"  temperatures  (10-12°K)  in  the  case  of  substances  with  cha¬ 
racteristic  temperatures  of  150-200°K,  and  for  substances  with  much 


lower  characteristic  temperatures  the  measurement  must  be  extendea  up 
*•-'  to  the  "helium"  temperatures  (1-A°K). 

r 


the  last  edition  of  Kelley's  Handbook  [2364]  (which  takes  into  account 
the  literature  published  up  to  November  1948)  and  also  later  publica¬ 
tions  issued  up  to  the  end  of  1959*  when  selecting  the  values  of 
£>298  and  H^g  15  ^  ^ase(i  on  experimental  measurements  of  the 

specific  heat.  The  values  of  S°^g  ^  and  H°qg  ^  -  H°  were  generally 
calculated  by  numerical  integration  of  the  smoothened  values  of 
C^/T  and  C°,  respectively,  in  the  interval  of  0-100°K  with  steps  of 
5°K,  and  in  the  interval  of  100-29S.15°K  with  steps  of  10°K. 

Data  on  the  specific  heat  at  low  temperatures  are  totally  lack¬ 
ing  for  a  number  of  substances  treated  in  the  Handbook  (BeF^,  BeCl0, 
PbFg,  AIN),  and  for  some  other  substances  (AlClg,  Sr,  Ba),  these  data 
are  available  only  for  a  narrow  temperature  interval.  In  these  cases, 
the  authors  of  the  Handbook  carried  out  estimations  of  the  *>vtropy 
value  at  298.15°K  by  means  of  various  empirical  methods  proposes  by 
Kireyev  [224],  Karapet 'yants  [219,  222].  Drozin  [l80],  Venner  [127], 
and  Latimer  [273]. 

TABLE  14 

Entropy  Values  (in  cal/g-atom* degree)  for  Substances  with  Dif¬ 
ferent  Characteristic  Debye  Temperatures 
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The  methods  of  estimating  the  entropy  of  solid  inorganic  sub- 
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stances  indicated  above,  are  in  principle,  semi-empirical  relations 
between  the  entropies  of  these  compounds  and  any  others  of  their  pro¬ 
perties.  Thus,  according  to  Drozin  [l3o],  the  entropy  of  a  compound 
is  equal  to  the  half-sum  of  the  entropies  of  the  neighbored  compounds, 
if  monotypical  compounds  of  elements  of  one  group  of  the  periodic  sys¬ 
tem  are  arranged  according  to  the  increasing  molecular  weight.  Accord¬ 
ing  to  Venner  [127],  the  entropy  of  monotypical  compounds  is  a  linear 


function  of  the  logarithm  of  their  molecular  ve-~  --  i. 


ding  to 


Kirr,  [224 1,  the 


i  c  r  nation,  r 


inooundfi  fr-m.  atorir 


•' '  —S  a:  ].  voxj.i-»ately  cons  mit 
a  lari.,  \i-chir.  a  limited  range).  Tn 


!  or  magnitud 


n  X"*,  ■»*"./  *}  T 


ive  scheme  by  Latimer 


73]  is  based  on  the  method  of  ascribing  constant  entropy  valuer  tc 
the  cations  and  several  values  to  the  aniens  depending  on  the  value 
of  the  anionic  charge.  The  accuracy  of  the  calculation  accord!.-..-  c- 
Latimer  amounts  to  +3  eal/molc*  degree,  but  the  introduction  o-”  "  .  *~ 
rical  corrections  fo^  monotypical  comp  ore  vis  make  it  possible  :  ■-  •- 

■  ice  the  error  of  the  calculation  by  two  or  three  times.  As  Ki-1  ‘ 

:  s  shown  [22ka],  simpler  additive  schemata  are  inapplicable  ; 
c  ^ dilation  of  entropies. 

The  methods  of  comparative  calculations  proposed  by  Karapet ’yanis 
L .  1  •_>'];  are  the  most  accurate  for  estimating  the  entropy  of  crystalline 


suo  stances i 


(Saiis)/  .-  u—'o 

<  O  x  . _  /■  _  r-  O  ' 


(lll.lv; 
(III. is) 


where  the  indices  I  and  II  refer  to  the  series  of  related  compous 
and  a,  b.  A,  E  are  empirical  constants  o-'*  the  given  series. 

The  estimations  were  curried  out,  a  :  role,  by  means  of  di  Tor- 

ent  methods.  Tne  probable  uncertainty  of  the  values  obtained 

...  ti.is  way  depends  both  on  the  reliability  of  the  applied  math 
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estimation  as  well  as  on  the  accuracy  of  the  experimental  values  used 
i  '1  ';he  estimation,  and  changes  within  the  range  from  +0.5  (BeP0) 
to; -fw  cal/mole* degree  (PbF^) •* 

;  .Specific  heat  of  substances  in  the  solid  state  at  temperatures 
r~c.v  298°K  to  melting  point.  A  statement  of  the  existing  experimental 
methods  of  determination  of  the  specific  heat  and  enthalpy  of  sub¬ 
stance^  in  solid  and  liquid  states  at  high  temperatures  may  be  found 
in  the  monographs  by  Popov  [332],  Kubaschewski  and  Evans  [267], 

Kelley .[2363,  98]  and  others.  The  methods  of  immediate  measuring  of 
the  true  specific  heat  at  a  temperature  higher  than  room  temperature 
are  used  at  relatively  low  temperatures  (not  higher  than  1000°)  due 
to  the  experimental  difficulties.  The  accuracy  of  the  values  of  spe¬ 
cific  heat  obtained  by  these  methods  is  usually  slight  (in  the  order 
of  1%).** 

The  majority  of  the  data  on  temperatures  above  298°K  was  ob¬ 
tained  by  using  the  mixing  methods  which  make  it  possible  to  measure 
the  enthalpy  of  substances  in  a  wide  temperature  range  (from  room 
temperature  to  2000-2500°C)  with  a  sufficient  accuracy.***  The  speci¬ 
fic  heats  may  be  obtained  from  these  data  only  bv  differentiation  cf 
the  enthalpy-versus-temperature  curve: 


Various  equations  are  used  to  represent  analytically  the  depen¬ 
dence  of  the  specific  heat  of  solid  substances  on  the  temperature  at 
temperatures  higher  than  room  temper  attire.  The  most  frequently  used 
equation  is  >  _  -  -  - 

(HI-15) 

which  was  at  first  proposed  by  Maier  and  Kelley  [2745].  This  equation 
reproduces  the  curvature  of  the  specific  heat  -  temperature  function 
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at  relatively  lew  temperatures  and  the  almost  linear  character  of 
this  function  at  high  temperatures  well.-  The  parabola 

Cp  =  a  -b  bT  -  cT -  ( in.  16 ) 

applied  in  a  number  cf  papers,  possesses,  in  contrast  to  iiq.  (III.15), 
a  greater  curvature  at  high  temperatures,  which  is  not  characteristic 
of  the  specific  heat  of  solids.  Applying  this  equation,  one  may  fre- 

p 

quentiy  find  that  the  term  cT  possesses  a  negative  sign,  i.e.,  the 
specific  heat  of  the  substance  passes  through  a  maximum  at  a  certain  ' 
temperature,  a  fact  which  does  not  make  physical  sense.  Trinomial 
equations  of  other  types  for  the  specific  heats,  for  example, 

Cp  —  a-^'oT  ~  -  (  m .  17;) 


Cp  =  a  +  b7-cT-\ 


(III. 18) 


are  used  very  rarely.  The  application  of  four  or  five-membered  equa¬ 
tions  is  justified  or ’y  in  exceptional  cases  (see,  for  example  [I38?]) 
because  the  accuracy  of  the  experimental  data  is  generally  insuffici¬ 
ent  for  this  purpose. 

The  derivation  of  the  trinomial  equation  for  the  specific  heat  n 
the  basis  of  experimental  measurements  of  the  enthalpy  is  carried  out 
either  by  means  of  the  value  of  the  specific  heat  on  the  lower  limit 
of  the  investigated  temperature  range  (usually  at  298.15°K)  and  of 
two  enthalpy  values  for  high  temperatures  chosen  experimentally.  In 
the  second  case,  the  derived  equation  for  the  specific  heat  Is  adjuster 
to  the  data  obtained  by  investigation  of  the  specific  heat  in  the  low- 
temperature  range.  In  order  to  determine  the  coefficients  a,  b,  and 
c  of  Eq. (III. 15)  by  means  of  the  second  method,  the  following  system 
of  three  equations 


Cp  —  a  +  • 


(III. 19) 
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//r,  —  ^Lsms  —  (7*i  —  238,15)  fl  . 


,  rf  —  2Sf.,la-  t  ,  /  ; 


!-  /_* _ * _ \- 

•  U,  (111.19) 


(7*s  —  233,15)  c  -i- 

must  be .solved . 


T;  —  203.if»- 


/. ...  /J_ _ *  \  r 

v  *  I-/*.  -m; ts  i *■  • 


1  \ 


2 


Vv*s  21 tejaj* 


:  ;:^SSh6mate  [3711]  proposed  another  method  to  determine  the  coeffi¬ 
cients  o£  the  jbrinoMa^  equation  of  the  type  (III.  15)  taking  into 


account  the  value  of  CL  .  Based  on  the  experimental  values  of 

.>§§§&“”•'  -  p298.15 

the  values,  of  the  function* 


2SS.i£)l  T 


—  oT  -r 


(III. 20) 


(?— 2SS.15)-  vd  ~(25«,15}>  * 

are ^calculated  by  this  method.  If  the  specific  heat  may  be  represent¬ 
ed,  jBy-  a  trinomial  equation  of  the  (III. 15)  type,  and  the  change  of 
the  enthalpy  by  the  corresponding  equation 


rh +  '  (III.21) 

the  fiihctlon  (III. 20)  is  a  linear  function  of  the  temperature.  In 

tills  case  the  coefficient  b  may  be  found  from  the  slope  of  the 

2 


straight  line  (III. 20),  and  c  by  the  relation  c  =  (298.15)  *y0,  where 


yn  is  the  ordinate  of  Eq.(lll.20)  at  T  =  0,  a  =  C  —  208.15b  + 

U  o  P298.15 

+*•  and  d  =  (298.15)  b/2  —  298*150  ■—  598.3  yn*  This  method 

'•  “  UnnO  -if—  ---  V 


p298.15 

was  used  for  the  derivation  of  equations  of  the  specific  heat  in 


Kelley’s  Handbook  [2363]  and  is  at  present  widely  in  use. 

The  extrapolation  of  the  values  of  specific  heat  by  means  of  em¬ 
pirical  equations  to  the  range  of  high  temperatures,  for  which  exp¬ 
erimental  data  on  specific  heat  and  entropy  are  lacking,  is  very  un¬ 
reliable  and  frequently  leads  to  excessive  values.  The  method  proposed 
by  Kelley  ([2363],  page  206),  based  on  the  comparison  of  the  specific 
heats  of  solids  at  the  melting  point  (or  at  the  points  of  the  first 
polymorphous  transformation)  gives  more  reliable  results.  According  to 
Kelley,  the  specific  heat  of  elements  is  approximately  equal  to  7.3 
ca^/g-atom*degree  at  the  indicated  temperatures. 


and  the  specific  heat 


of  compounds  is  7n  cal/mole • degree,  where  n  is  the  number  of  atoms  in 
the  compound.  A  linear  equation  of  the  type  Cp  =  a  +  bT  is  derived 
on  the  basis  -f  the  value  of  the  specific  heat  at  the  melting  point 
estimated  in  this  way  and  one  value  of  the  specific  heat  at  the  lower 
limit  of  the  temperature  interval  for  which  the  estimation  was  carried 
out.  .  'V'- 

Heats  and  temperatures  of  phase  transitions.  The  calculations  of 
the  thermodynamic  functions  of  substances  in  the  solid  state  were 
carried  out  for  the  equilibrium  modifications  of  these  substances, 
when  the  temperature  rises,  the  solids  may  undergo  phase  transitions 
accompanied  by  thermal  effects.  One  distinguishes  phase  transitions  of 
first  order  in  which  the  inner  energy  (and  density)  of  the  substances 
changes  suddenly,  and  phase  transitions  of  second  order  in  which  no 
jumplike  change  of  these  values  occurs,  but  their  partial  derivatives, 
the  specific  heat,  the  compressibility  and  the  coefficient  of  thermal 
expansion,  change  suddenly  at  the  point  of  transformation. 

It  is  expedient  that  the  heat  of  the  phase  transformation  of 
second  order  does  not  refer  to  the  temperature  interval  but  to  one 
temperature  when  calculating  the  thermodynamic  functions  of  solids. 
Thus,  Kelley  £2363]  recommends  a  binomial  and  trinomial  equation, 
respectively,  for  the  calculation  of  the  thermodynamic  functions  of 
the  a  and  p  quarts  modifications  and  the  values  of  the  heat  of  trans¬ 
formation  equal  to  290  cal/mole,  related  to  the  temperature  of 

It  must  be  noted  that  the  internal  concordance  of  the  heats  of 
transformation  with  the  data  on  the  enthalpy  and  specific  heat  of  the 
low  and  high-temperature  phases  must  be  provided  when  choosing  these 
values. ■ 

The  existence  of  polymorphous  transformations  was  in  several  cases 
not  taken  ixito  account  in  this  Handbook  when  calculating  the  thermo- 
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dynamic  functions,  due  to  the  fact  that  either  the  transformation 
heatsftare  small  .and  that  they  were  not  determined  during  the  measure¬ 
ment  ;  of  the  enthalpy  (in  LiF  and  LiOH,  for  example),  or  experimental 
data^bn  the  specific  heat  and  enthalpy  of  these  substances  are  unknown 
attpij' gsefit "Thusy  the  polymorphous  transformations  dv  „ irmined  by 
thermography,  were  net  taken  into  account  in  the  estimation  of  the 
specific  heats  of  BeF0  and  BeCl2,  although  the  transformations  heats, 
especially  in  BeF2,  are  obviously  of  significant  value. 

r^  The  values  .of  the  melting  points  of  almost  all  substances  dealt 
with,  in  the  Handbook  are  chosen  on  the  .basis  of  experimental  measure¬ 
ments;  The  accuracy  of  these  measurements  is  very  different,  and  de¬ 
pends  not  only  on  the  errors  in  the  measurement  of  the  temperature  but 
also  on  the  purity  of  the  investigated  preparation  and,  in  some  cases, 
on  the  reaction  of  the  substance  with  the  vessel  material  at  temper¬ 
atures  near  the  melting  point.  The  probable  error  in  the  values  of 
the  melting  point  usually  does  not  exceed  1-2°  for  substances  melt¬ 
ing  below  1000°K,  for  higher  melting  substances  (up  to  2000°K)  tne 
error  rises  in  some  cases  to  5-10°,  and  at  temperatures  above  2000°K, 
the  error  may  attain  20-50°.  The  melting  points  of  the  nitrides  of 
aluminum  and  boron  are  assumed  on  the  basis  of  insufficiently  reliable 
data  [l6l4]  with  a  possible  error  of  +100-200°.  Reliable  data  on  the 
melting  points  of  boron,  aluminum  trifluoride  and  graphite  are  lack¬ 
ing  in  the  literature.  The  values  of  these  quantities  assumed  in  the 
Handbook,  must  be  considered  to  be  roughly  indicative. 

The  melting  heats  may  be  determined  with  the  highest  accuracy 
on  the  basis  of  calorimetric  data.  Unfortunately,  such  data  are  avail¬ 
able  only  for  part  of  the  substances  treated  in  the  Handbook.  The 
values  of  the  melting  heats  calculated  by  Kelley  [2356]  using  the 
Schrceder  equation  and  the  data  of  the  state  diagrams  of  bicomponent 
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systems  were  assumed  for  a  number  of  compounds  (MgO,  SiO^,  etc.).  The 
values  obtained  in  this  way  are  rather  approximative,  their  uncer¬ 
tainty  may  achieve  +20-30#  and  more.  Melting  heats  of  substances  may 
also  be  calculated  in  terms  of  the  heats  of  evaporation  and  sublima-/ 
tion  found  as  a  result  of  measurements  of  the  pressure  of  saturated 
vapors. 

Data  on  melting  heats  are  totally  .lacking  for  a  number  of  sub¬ 
stances,  and  it  was  necessary,  therefore,  to  estimate  them.  There  ao 
not  exist  any  general  regularities  concerning  melting  heats.  For  sep¬ 
arate  groups  of  related  substances,  however,  the  value  of  the  melting 
entropy  is  an  approximately  constant  magnitude.  Thus,  according  to 
Kubasehewski  end  Evans  [267],  the  mean  value  of  the  melting  entropy 
of  "true"  mete  Is  (with  a  dense  structure  and  a  high  coordination  num¬ 
ber,  fi-xu  8  to  12)  and  of  their  non-ordered  alloys  is  equal  to  2.2 
cal/g-atom* degree  and  that  of  the  ordered  alloys  is  3.5  cal/g-atom* 
♦degree.  Compounds  having  an  ionic  lattice  of  the  NaCI  type,  for  ex¬ 
ample,  have  a  mean  melting  entropy  of  3-3*5  cal/g-atom* degree,  sub¬ 
stances  'with  a  laminar  lattice  as,  e.g.,  one  of  about  2.5  cal/g-atom • 
•degree,  and  substances  with  molecular  or  particularly  molecular  lat-  - 
tices  having  a  melting  entropy  of  from  1  to  2  cal/g-atom* degree.  It 
must  be  noted  that  the  values  indicated  above  are  rather  approximative 
and  many  significant  deviations  arise  from  these  mean  values. 

The  melting  heats  of  a  number  of  substances  contained  in  this 
Handbook  (Lig0,  BeO,  BN,  B,  AIN,  graphite)  have  been  estimated  on  the 
basis  of  a  corparison  of  the  raeDting  entropy  of  analogous  compounds 
having  the  same  or  a  similar  type  of  crystalline  structure.  The  pos¬ 
sible  error  of  the  values  of  the  melting  heats  obtained  in  this  way 
is  20-40#. 

Specific  heat  of  substances  in  liquid  state.  Data  on  the  specific 
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heat  of  molten  inorganic  substances  at  high  temper a tu?  es  are  available 


for;a  limited:  number  of  substarces  in  a  relatively  narrow  inter¬ 
val  of  .temperatures.  The  accuracy  of  the  values  of  specific  heats 
obtained;  by  differentiationof  the  curves  of  the  enthalpy  change 

is  genera  1  ly  not  high.  Discussion  of  the  available  exper- 
d^eniai^Eiatef ial  results  in  the  following  conclusions. 

i:Q.  cheats  of  various  high-melting  substances  (ele¬ 
ments;  inorganic  Compounds)  in  the  liquid  state  differ  slight - 

iy?;ffqm  the  specific  heats  of  these  substances  in  the  solid  state 


cibse  tb  the  r siting  points  (as  a  rule  by  not  more  r-han  10-15$). 

;  specific- 'heat  of  substances  in  the  liquid  state  changes 

insignificantly  at  rising  temperature.  According  to  the  data  obtained 
in  the  Bureau  of  Standards  of  the  U.S.  (see  the  paper  by  Douglas 
[ 1385 j>  the  specific  heat  of  seven  substances  (Li,  Na,  K,  Pb,  Hg, 
ffe.0H>  and  LiCl)  decreases  slightly  at  rising  temperature,  on  an  aver- 
age:;:by  0.02$  per  1°,  in  a  certain  temperature  range  above  the  melt- 
ing:point . •  ( 300-500° ) . 


/  Among  the  substances  treated  in  the  Handbook,  regularities  in 
the-  change  of  T.he  specific  heat  of  the  smelt  at  changing  temperature 
may  be  determined  only  for  the  substances  mentioned  above  (Li,  Na,  K, 
Pb,  and  LiCl) .  The  experimental  data  for  the  other  substances  avail¬ 
able  at  present  are  determined  only  for  a  limited  interval  of  temper¬ 
atures.  This  fact,  and  also  the  insuff ic-* ant  accuracy  of  the  measui  ?- 
ments  disturbs  the  determination  of  the  temperature  dependence  of  the 
specific  heat,  and,  therefore,  the  specific  heats  of  these  substances 
in  the  liquid  state  are  assumed  as  being  constant  in  the  Handbook. 

In  the  present  Handbook,  the  estimations  of  the  specific  heats 
of  Substances  in  the  liquid  state  were  carried  out  in  accordance  with 
the  approximate  empiric  regularities  stated  by  Kelley  [2363],  accord- 
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ing  to  v.'hich  the  specific  heat  of  molten  elements  is  on  the  average., 
equal  to  7*5  cal/g-atom* degree,  and  the  specific  heat  of  inorganic 
'ompounds  in  the  liquid  state  is  8n  cal/mole* degree,  where  n  is  the  - 
number  cf  atoms  in  the  molecule  of  the  given  compound.* 

In  conformity  with  this  fact*  the  specific  heats  of  substances 
in  the  liquid  state  were  assumed  to  be  equal  to  7*5  cal/g-atom* degree 
for  elements,  and  to  be  equal  to  16,  24,  32  and  40  cal/mold* degree 
for  three-,  four-  and  five-atomic  compounds,  respectively  in  cases 
where  experimental  data  on  the  specific  heat  or  enthalpy  of  the  sub¬ 
stances  in  the  liquid  state  were  lacking  or  doubtful. 

The  specific  heat  at  higher  temperatures  has  been  assumed  to  be 
constant  and  equal  to  the  value  of  the  specific  heat  in  the  investi¬ 
gated  temperature  range  (or  to  the  value  at  the  upper  limit  of  this 
range)  in  cases  where  experimental  data  on  the  specific  heat  of  sub-r 
stances  in  the  liquid  state  are  known  for  part  cf  the  temperature 
interval  in  question. 

Reference  literature  on  the  thermodynamic  properties  of  solid 
and  liquid  substances.  Kelley’s  Handbook,  published  as  separate  issu*'-* 
beginning- with  1932  (see  [235^2358,  2360,  2363-2365]), is  the  most 
fundamental  Handbook  on  the  thermodynamic  quantities  of  inorganic  sub¬ 
stances  at  low  and  high  temperatures. 

The  Handbook  "Entropies  of  Inorganic  Substances”  [2364],  gives  a 
critical  analysis  of  the  experimental  data  on  the  specific  heat  and 
the  heats  of  phase  transitions  of  inorganic  substances  in  the  O-298. 
.15°K  temperature  range,**  smoothened  values  of  the  specific  heat  are 
quoted  (for  temperatures  of  10,  25,  50,  100,  150,  200  and  298.15°K), 
the  values  of  the  entropies  at  298.15°K  are  calculated,  and  tne  accur¬ 
acy  of  the  recommended  S^g  ^  values  is  estimated.  In  the  Handbook 
” High  temperature  Heat  Content,  Heat-Capacity  and  Entropy  Data  for  In- 
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organic  Compounds”  [2363,  2364a]  the  corresponding  data  at  tempera¬ 
tures'  above  2964 15°K  are  analyzed,  recommended  equations  for  the  speci- 
fi|tf3Seaf#cSi®ge: of  enthaipy-(fi^  -  ^298.15)  are  Siven-»  and  also  tables 
oShiNfities-  of ;  ^98.15)  and  -  S|9g#15)  in  the  temperature 

rahl;^:  from  400°K  and  above,  up  to  the  maximum  temperature  at  which 
the^mbasxirements:  werecarried  out  are  quoted  for  each  1G0°K. 

Besides  the  Handbooks  mentioned,  Kelley  published  a  series  of 
Handbooks  on  the  melting  heats  of  inorganic  substances  [2356],  the 
pressure  of  saturated  vapors  [2355],  and  also  the  thermodynamic  pro¬ 
perties  of  carbonates  [2365],  of  sulfur  and  its  inorganic  compounds 
[2357:.];  of  metal  carbides  and  nitrides  [2358] . 

fr  V  The  2nd  and  3rd  parts  of  the  Handbook  “Termicheskiye  kanstanty 
neorganicheskihk  veshchestv"  [Thermal  Constants  of  Inorganic  Substan¬ 
ces]  [98]  have  been  compiled  on  the  basis  of  the  values,  recommended 
by  Kdlley  in  the  Handbooks  [2360,  2354a],  and  of  the  results  of  in¬ 
vestigations  published  up  to  1940-1941. 

In  the  reviews  by  Brewer  [1093]  dealing  with  the  thermodynamic 
properties  of  elements,  halides  and  other  classes  of  compounds,  be¬ 
sides  the  experimental  data,  the  results  of  an  estimation  of  the  ther¬ 
modynamic  functions  (Hj  -  SJ,  and  <t>*)  are  given  in  the  temp¬ 

erature  range  up  to  2000°K  (elements)  and  up  to  1500°K  (halides). 

Tables  of  thermodynamic  functions  of  60  substances  in  solid  and 
liquid  states  are  quoted  in  the  third  volume  of  Zeise’s  book  [4384]. 
These  tables  are  adopted  without  any  changes  from  papers  published  in 
periodicals  after  the  publication  of  Kelley’s  Handbooks  [2363,  2364]. 

In  the  Handbook  of  the  National  Bureau  of  Standards  of  the  U.S. 
[3508],  besides  the  heats  of  formation  of  inorganic  substances,  the 
values  of  S°Qg  C^^g  -j£>  and  temperatures  and  heats  of  phase  tran¬ 
sitions  ■'re  given. 
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In  the  third  series  of  this  Handbook,  published  in  the  form  of 
separate  tables  beginning  with  1947  [3680],  tables  Of  thermodynami<i-i|- 
functions  of  some  tens  of  substances  in  solid  and.  liquid  states-  are  £ 
given;  a  part  of  these  tables  was  subsequently  reprinted  with  supple-; 


ments  in  a  number  of  other  editions.  .  ~ ; -  :  \ 

In  the  monographs  by  Kubaschewski  and  Evens  "Metallurgische  Ther.-. 
mochemie"  [Thermochemistry  in  Metallurgy]  published  in  several  issues:., 
(see  [2495]),  reference  material  on  the  thermodynamic  properties  of  . : 
the  most  important  inorganic  substances  is  compiled,  and  results  are  J : 
given  of  the  estimation  of  some  unknown  values.  The  values  of  the  en-. 
tropies.  at  298.15°K,  of  the  temperatures,  and  heats  of  phase  transi-w  - 
tions,  the  equations  for  the  specific  heats  of  substances  at  high 
temperatures  the  pressures  of  saturated  vapors,  the  isobarii.  poten¬ 
tials  of  formation  and  of  reactions  are  cited  in  this  book,  it  must 
be  noted  that  Kubaschewski  and  Evans  made  sufficient  use  of  the  pa-  ,; 
pers  published  in  the  last  years.  -  -V 

In  the  Handbook  by  Stull  and  Sinke  "Thermodynamic  Properties  of 


the  Elements 


I,  a  thorough  analysis  of  all  data  on  the; -thermo¬ 


dynamic  properties  of  elements,  available  in  literature  (including 
publications  in  1955),  is  given,  the  lacking  values  are  estimated  arid 
tables  are  calculated  on  the  thermodynamic  functions  of  all  elements 
(from  hydrogen  to  uranium)  in  the  interval  from  298  to  3000°K  an  i00cK 
steps.  The  calculations  of  the  thermodynamic  functions  (C“,  H£  —  H|qq, 
S£,  and  $£)  are  expanded  up  to  boiling  (sublimation)  points  of  these 
substances. 

§19.  ESTIMATION  OP  THE  ACCURACY  OP  THE  THERMODYNAMIC  FUNCTIONS  OP 

SUBSTANCES  IN  SOLID  AND  LIQUID  STATES 

The  estimation  of  the  thermodynamic  values  -measured  experiment al¬ 
ii'  was  carried  out  allowing  for  the  accuracy  of  the  methods  used  for 


their  determination,  the  purity  of  the  investigated  samples,  and,  in 
some,  cases,  for  the  phase  state  of  the  latter,  the  perfection  of  the 
crystal-lattice,  the  degree  of  dispersity,  etc.  A  comparison  of  data 
obtained  hy  different  methods  is  also  important  because  the  authors 
frequently  overestimate  the  accuracy  of  their  measurements,  not  allow- 
ing -for  the  possibility  of  systematic  errors. 

^Estimation  of  the  value  of  H£gg>15  -  for  solid  substances, 
obtained  On  the  basis  of  experimentally  found  values  of  the  specific 
heht,  does  not  meet  with  significant  difficulties,  because  the  rela- 
tiv^error  of  the  value  Of  H^g^  -  Hj  does  not  exceed  the  weighted 
mean  Of  the  relative  error  of  the  values  of  specific  heat  in  the  in¬ 
dicated  temperature  range.  If  we  divide  the  temperature  interval  from 
0  to  298.15°K  into  n  intervals,  and  if  we  denote  the  relative  error 
of-lhe  specific  heat  in  the  nth  interval  by  <5C  ;  the  weighed  mean 

relative  error  of  H°^g  -,5  —  H°  in  the  temperature  interval  of  from  0 
to  298.15°K  is  determined  by  the  formula 


•n  *  n—i 

t'*  "  ttm  *  * 


(III. 22) 


A  more  difficult  problem  is  the  estimation  of  the  accuracy  of 
S298.l5  values  because  the  maximum  of  :.;he  C"/T  function  used  for  the 
calculation  of  the  entropy  lies  usually  below  298°K.  A  calculation 
and  an  estimation  of  the  accuracy  of  the  S®9g  value  is  given,  as 
a  rule,  by  investigators  which  measured  the  specific  heat  at  low  tem¬ 
peratures.  It  must  be  noted  that  the  amount  of  che  error  of  r- 

290.15 

depends  mainly  on  the  accuracy  of  the  extrapolation  of  the  specific 
heat  to  0°K. 

The  value  of  i>*  at  293.15°K  is  approximately  equal  to  the  half 
value  Of  dp 93.15  (from  30  to  70$)  for  solid  substances.  The  absolute 
amount  of  the  error  of  $053  ^5  usually  does  not  exceed  2/ 3  of  the 
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error  of  the  value  of  Sggg  in  cases,  however,  in  which  the  error  - 

in  the  value  of  S^g  is  in  principle  due  to  an  inaccurate  extrapo- 

* 

iation  of  the  specific  heat  to  0°K,  the  error  of  $298  15  ma^  attain 

the  magnitude  of  the  error  of  S,^g  ^e  Si ven  Handbook,  the 

* 

error  of  $298  15  was  adjusted  to  the  error  of  the  S^Qg  ^  value. 

The  accuracy  of  the  calculation  of  thermodynamic  functions  of  sub¬ 
stances  in  solid  and  liquid  states  at  high  temperatures  depends  bn 
the  accuracy  of  all  initial  thermodynamic  values  used  for  the  calcu¬ 
lation,  e.g.,  the  enthalpy  and  entropy  at  298.15°K,  the  data  on  the 
specific  heat  of  the  substances  above  298°K  (or  data  on  the  enthalpy 
change  —  H^g  -^),  the  values  of  the  temperatures  and  the  heats  of 
the  phase  transitions. 

Estimation  of  the  values  of  the  specific  heat  calculated  on  the 
basis  of  the  results  obtained  by  experimental  changes  of  the  enthalpy 
H£  _  H°Qg  is  not  a  simple  problem.  Due  to  the  fact  that  the  speci¬ 
fic  heat  is  the  first  derivative  of  the  enthalpy  with  respect  to  the 
temperature,  errors  in  the  values  cf  Cp  may  significantly  exceed  the 
errors  in  the  initial  values  of  Hj  -  **298  15*  ^  or^er  to  diminish 
these  errors  in  the  values  of  the  specific  heats,  the  derivation  of 
equations  for  Cp  is  carried  out  in  accordance  with  the  results  of  low- 
temperature  measurements  cf  the  specific  heat.  It  must  be  noted  that 
a  partial  compensation  of  the  errors  takes  place  in  the  calculation  of 
the  thermodynamic  functions  by  means  of  equations  for  the  specific  heat 

derived  in  this  manner,  and  that  the  relative  accuracy  of  the  ana 
* 

4>t  values  exceeds  the  mean  accuracy  of  the  values  of  the  specific  heat. 

* 

Estimation  of  the  accuracy  of  the  ^  values  of  solid  and  liquid 
substances  was  carried  out  in  the  Handbook  at  temperatures  of  298.15s 
1000,  1500,  2000,  and  3000°K.  The  increments  of  between  the  indi¬ 
cated  temperatures  were  calculated,  and  the  relative  errors  of  these 


-  *  # 

.increments  ($„,  —  )  were  assumed  to  be  equal  to  the  relative  er- 

x2  il 

rors  .in  the  values  of  the  specific  heat  at  the  same  temperature  inter 
yais.?{(from  T^  to  Tg)  4 

The  correctness  of  the  latter  assumption  in  first  approximation 
ma^neasily  be  proved  in  the  case  in  which  the  specific  heat  in  the  in 
yesbigated  temperature  interval  T^  —  Tg  is  assumed  to  be  constant: 

Cp  —  &  —  const.  .  (III.  23) 

#eifhaVe'  then 

'C/;:'  '  Hr  —  Hl  =  aT  —  b,  (III.24) 

-  Sr  =  a  in  7*  —  c  (III.25) 

•ahd;  ; 

Or  =  a  in  T -f-  — (c  —  (111.26) 

* 

;  The  increments  of  the  function  in  the  temperature  interval 

%  *“  T2  513:6  e<3ua-1-  'to 

Or,  —  0*rt  =  a  (!n  7.  —  in ?\)  +  6 (|r  -  -*-) •  (III. 27) 

The  valve  of  the  first  term  on  the  right  side  of  Eq.(lli.27)  exceeds, 

as  a  rule,  that  of  the  second  term  at  least  by  one  order;  hence,  one 

may  assume  with  a  sufficient  accuracy,  that  the  eri or  in  the  value  of 

($  —  )  depends  on  the  relative  error  in  the  value  of  C  =  a. 

+2.1  P 

The  error  caused  by  the  second  term  on  the  right  side  of  Eq. 

(ill. 27)  may  be  neglected  in  cases  where  Eq. (III. 24)  was  derived  on 

the  basis  of  experimental  data,  and  the  errors  in  the  coefficients  a 

and  b  of  Eq. (111.24)  are  connected  with  each  other.  If,  however,  the 

values  of  a  and  b  are  determined  independently  from  each  other  (for 

example,  by  estimation  of  the  melting  heat  and  specific  heat  of  the 

molten  substance),  the  accuracy  of  the  term  - .  must  be  taken 

into  account  when  calculating  the  error  of  the  value  of  (<!>,„  —  •$_  )• 

-*-0  -1*  *1 

#  -X- 

The  errors  obtained  of  the  values  of  (§  —  <t>  )  for  different 

~2  il 
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temperature  ranges  were  added  and  then  rounded  off.  Thus,  the  error 

limits  quoted  in  the  Handbook  determine  the  maximum  possible  errors 

* 

in  the  value  of  4>T. 

It  must  be  noted  that  the  estimation  of  the  accuracy  of  the 

* 

values  are  only  of  a  roughly  indicating  nature,  mainly  owing  to  the 
unr el lability  of  the  estimation  of  the  accuracy  of  the  specific  heats, 
especially  of  specific  heats  of  substances  in  the  liquid  state. 
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[Footnotes] 


See,  for  example,  M.M.  Popov,  Termometriya  1  kalorimetriya 
[Thermometry  and  Calorimetry]  [332];  Kubasc't 'Ski  .  -d  Evans, 
Metallurgische  Thermoehetnie  (Thermochemistry  ’  .n  "Metallurgy 
[267]);  Roberts,  Teplota  i  termodinamika  [Heat  and  Thermo¬ 
dynamic  sj  1345  J . 

For  greater  detail  with  regard  to  the  theory  of  the  speci¬ 
fic  heat  of  solids  see  the  monographs  by  Born  and  Goeppert- 
Mayer  [93a],  and  Born  and  Huang-K’un  [93b],  and  also  the 
books  by  A.  I.  Brodskiy  [993*  and  V.M.  Gryaznov  and  A.V.  Frost 
[167a]. 

With  regard  to  tables  of  the  Debye  functions  for  specific 
heat  at  constant  volume,  Cy  =  3D  (ej/T),  and  also  the  cor¬ 
responding  functions  for  the  internal  energy,  entropy  and 
the  reduced  thermodynamic  potent:*. al,  see  the  editions  [26la, 
208a] .  . 

Kelley  [2364]  used  the  Eq. (III. 7)  for  the  extrapolation  of 
the  specific  heat  to  0°K  in  the  following  simplified  form 
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C„  *=  3Z>  (O^/T)  -J-3  2  E 


(III. 8) 


where  0^  and  Og  are  the  averaged  values  of  the  characteris¬ 
tic  Debye  and  Einstein  temperatures. 

Ti  in  some  cases  indicates  the  temperature  at  which  the  ana¬ 
lytical  equation  for  the  specific  heat  of  the  given  substan¬ 
ce  changes. 

For  details  with  regard  to  Lhe  accuracy  of  temperature  scales 
at  low  temperatures  see  the  review  by  Strelkov  [394]. 
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An  entropy  value  at  298.15°K  lower  than  3  cal/mole  •  degree 
possesses  diamond  (O.566  +  0.005);  graphite  (I.29  +  0.01): 
boron  (1.403  +  0.005),  and  beryllium  (2.28  +  0.02). 

.For  sut stances  with  anisotropic  (lamellar  or  chain)  struc¬ 
tured,  the  extrapolation  of  the  specific  heat  to  06K  may  be 
carried  out  by  means  of  appropriate  Tarasov  functions.  Its- 
kievich  ( 198a]  on  the  example  of  CdJ2  and  CdBr2  has  proved 

that  the  accuracy  of  such  an  extrapolation  amounts  to  approx¬ 
imately  25$  (the  calculated  values  of  S.^  Q  for  Cdl2  and 

CcLdrg  are  equal  to  0.49  and  0.31  cal/mole  ‘degree,  and  the 

experimentally  found  values  are  0.39  and  0.25  cal/mole ‘deg¬ 
ree,.  respectively) . 

The  different  empirical  equation  for  the  calculation  of  the 
standard  entropies  of  groups  of  compounds,  cited  in  liter¬ 
ature,  must  be  applied  with  precautions.  Thus,  the  calcula¬ 
tion  for  metal  halides  by  means  of  Eq. (?2),  cited  in  the 
monograph  by  Kubaschewski  and  Evans  [267],  results  in  va¬ 
lues  Which  are  strongly  underrated  in  comparison  with  the 
true  values  (the  appropriate  difference  attains  10  cal/mole • 
^degree  in  the  case  cf  S^g  ^  for  some  fluorides  and  chlo¬ 
rides  of  light  metals). 

In  the  paper  by  Krauss  [2480],  published  recently,  a  me¬ 
thod  of  measuring  the  true  specific  heat  of  metals  at  a  high¬ 
er  temperature  (1300°C)  is  developed.  The  accuracy  of  the 
measurement  of  the  specific  heat  amounts,  according  to  the 
estimation  by  Krauss  [2480],  to  +0.7#  at  700°C,  + 1 fo  at 
i000°C,  and  ±2%  at  1300°C. 

To  the  disadvantages  of  the  mixing  method  belong  the  insen¬ 
sitivity  of  the  method  to  the  determination  of  heats  of 
phase  transitions  and  the  possibility  of  errors  caused  by 
the  equilibrium  of  the  final  state  in  the  case  of  a  rapid 
quenching  of  the  samples  during  the  experiment. 

The  derivation  of  Eq.(III.20),  see  Kelley  [2363]. 

Douglas  [1385]  recently  carried  out  a  thorough  examination 
of  all  ejqjerimental  data  on  the  specific  heat  of  inorganic 
substances  in  the  liquid  state  and  he  obtained  mean  values 
very  close  to  the  values  recommended  by  Kelley  [2363].  For 
molten  metals  and  alloys  Douglas  recommends  the  value  of 
7.4  cal/g-atom* degree ,  and  for  molten  salts,  8.1  n  cal/mt  ;.e* 
•degree.  The  salts  of  some  oxygen  acids  (nitrates,  sulfates) 
possess, a  lower  specific  heat,  from  5n  to  Jn  cal/mole • deg¬ 
ree,  and  hydroxides  and  silicates  have  an  average  of  about 
7n  cal/mole ‘degree.  The  salts  of  other  oxygen  acids,  borates, 
titanates,  chromates,  etc.,  possess  a  specific  heat  in  the 
liquid  state  from  7»5n  to  9n  cal/mole -degree. 

In  this  edition,  the  literature  published  up  to  November 
1948  is  taken  into  account. 
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Chapter  4 

THERMOCHEMICAL  QUANTITIES 

In  the  Tables  of  Volume  II  of  the  present  Handbook,  the  values 
of  the  equilibrium  constants  of  the  dissociation  of  gases  into  atoms, 
of  the  dissociation  constants  of  ions,  of  the  vapor  pressure  of  the 
substances  above  the  condensed  phase,  and  of  the  total  enthalpies 
are  cited.  The  values  of  a  number  of  thermochemical  quantities  are 
necessary  for  calculating  these  data:  the  heat  of  formation  (AH°f) 
from  the  elements,  the  sublimation  heat  (AH  ),  the  dissociation  ener- 
gy  (D),  the  ionization  energy  ( I) *• ,  and  the  electron  affinity  (A) 

A  review  on  the  data  in  literature  and  the  reason  for  the  choice 
of  the  thermochemical  quantities  enumerated  above  are  given  in  the 
corresponding  sections  of  the  chapters  in  the  2nd  part  of  Volume  I. 
Tables  of  the  accepted  values  of  the  thermochemical  quantities  are 
_ given  at  the  end  of  each  section.  The  values  of  the  dissociation  en- 
ergy  (at  0°K)  of  gaseous  substances  into  monatomic  gases,  the  heats 
of  sublimation  of  crystalline  substances  at  0°K,  the  ionization  en¬ 
ergy  of  certain  atoms,  molecules  and  ions  at  0°K,  the  heats  of  forma¬ 
tion  of  the  substances  at  0°,  293*15°  and  29S.15°K  are  listed  there¬ 
in.  In  both  of  the  last  colums  of  the  tables,  the  values  of  H^q^  — 
—  and  H°^g  —  H£  of  the  corresponding  substances  are  quoted.  The 
therrnochemical  quantities  accepted  in  the  Handbook  on  the  basis  of 
an  analysis  of  the  data  in  literature  are  marked  in  the  text  of  the 
sections  and  in  the  tables  of  the  accepted  therrnochemical  quantities 
by  bold  type. 


-  271  - 


The  thermal  effects  of  exothermic  reations  (i.e.,  of  reactions 
which  proceed  with  release  of  energy)  are  considered  to  be  negative 
ones,  arid  the  effects  of  endothermic  reaction  (proceeding  with  absorp¬ 
tion  of  energy)  as  positive  effects. 

§20.  GENERAL  RELATIONSHIPS  BETWEEN  THE  THERMOCHEMICAL  QUANTITIES. 

COORDINATION  OP  THE  VALUES  AND  THEIR  UNCERTAINTIES 

The  thermochemical  quantities  dealt  with  in  the  Handbook  are 
coordinated  to  each  other.  The  equations  which  express  this  coordina¬ 
tion  are  based  ori  the  Hess  law,  a  particular  case  of  the  energy  con¬ 
servation  law.  Corresponding  to  this  lav/,  the  thermal  effect  (or  the 
change  of  enthalpy,  AH^)  of  the  process  which  is  connected  with  che¬ 
mical  transformations,  changes  of  the  phase  state,  ionization  etc., 
and  which  is  determined  by  the  equation 


VjX*  ~  —  VjA  s8*r  V2X2  -f- , 


(IV. 1) 


where  is  the  number  of  moles  of  the  substances  X^,  may  be  calcu¬ 
lated  by  the  formula 

=  IvlA/r/r  (4)  ~  v:  A  Hafr  (4)  -f  (4)  4-  v.A.V'/r  (A's)  (  jy.  2 ) 

Here,  AH°fT  is  the  heat  of  formation  of  the  substance  at  the  temper¬ 
ature  T,.  equal  to  the  change  of  enthalpy  during  its  formation  from 
the  elements  at  this  temperature,  the  elements  being  taken  in  their 
standard  states  (the  definition  of  the  standard  state  is  given  on 
page  29)- 

The  standard  states  of  elements,  at  which  the  formation  heats  of 
the  latter  are  assumed  to  be  equal  to  zero,  are  quoted  in  Table  15 
and  stipulated  in  each  of  the  sections  dealing  with  the  choice  of  the 
thermochemical  quantities.  The  electron  gas  with  a  volatility  equal  to 
vriit  is  in  the  standard  state,  and  its  heat  of  formation  is  assumed 
as  being  equal  to  zero  at  any  temperature. 
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TABLE  1.5 


The  Standard  States  of  the  Chemical  Elements  Accepted  in  the 
Handbook. 
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1)  Element; 

2)  standard  state; 

3)  oxygen; 

4}  hydrogen; 

5;  helium; 

6'  neon; 

7)  argon; 

8)  krypton; 

9}  xenon; 

10)  fluorine; 

11)  chlorine; 

12)  bromine; - 

13)  iodine; 

14)  sulfur; 

15)  nitrogen; 

16)  phosphorus; 

17)  carbon; 

18)  silicon; 

19)  mercury; 

20}  zirconium; 

21)  lead; 

2?J  boron; 

23)  aluminum; 

24)  beryllium; 

25)  magnesium; 

26^  calcium; 

27  strontium; 

28)  barium; 

29)  lithium; 

30;  sodium; 


31)  potassium; 

32)  rubidium; 

33;  cesium; 

34 (  diatomic  gas; 

35]  monatomic  gas; 

36)  fluid; 

37  (  crystalline  state; 

38)  rhombic  sulfur  (crystalline); 

39)  white  phosphorus  (crystalline) 

40)  graphite. 


Using  the  general  relationship  (IV.2),  equations  may  be  found 
which’  connect  all  thermochemical  quantities  dealt  with  in  the  Handbook 
with  one  another. 

■Ef4ifeStv6£  Sublimation 

^  Jfe-  The  heat  of  sublimation  is  the  thermal  effect  of  the  process 

X  (  «*•«-  )— *  X  ( *•«.}.  (IV*3) 

Hence  * 

AHsriXi :  «*.«.  .)=  A H°fT  (X,  .«}-  A//7r(A'.  Cfy.,  >.  (IV. 4) 

For  example, 

A//sr(MgO.  cnr*t.,)  =  A H°fr  (MgO,  «•*;) —  A//°/r  (MgO, .  .). 

2.  Dissociation  Energy 

r  The  dissociation  energy  is  the  thermal  effect  of  the  process 

X^Y^. . .  (««)  — »  vtX  (...)  -r  vsy  (...)  *r  . .  —  (IV.5) 

Hence 

Dir(A»,*F%*. . .)  a=vtA //*/r  (A,  «««)+  v.,A//0/r  (F,  <«•)  -4*  . . .  '■ — Af/°/r  (A,,/.,.  ....■**/• 

‘  ’  (IV.  6) 

For "example/ 

O-  Dr  (AiCa)=  2  A//°/r  (A!,  )  J-3A.V°/r  (O.  «•»)-  AA'°/r  (ASA.  «” ) 

or  . 

Dr  (ASsOj)  —  2A//°/r  (Al,  ... )  +  bA//a/7(0. ... )  -Aff°/r  (ASA. :  "*■«  r.)-A.Vsr  (ASA.  }. 

3.  Ionization  Energy 

The  ionization  energy  is  the  thermal  effect  of  the  process 

X  (l«.»)  — » X*  (  - }  C  («««).  (IV.  7) 

Hence 

/(*)=  AA'%(*+,  «..)-)-  A//%  (e-.  A//c/o(A\  »•).  (IV.  8) 

For  example, 

/(NO)  =  A//%  (NO4",  ««)-r  Al/%  (e“.  .-)—  AZ/%  (NO.  .«} 

The  values  of  ionization  energy  given  in  the  Handbook  are  rela¬ 
ted  to  03K. 


{  J 
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4.  Electron  Affinity 

The  electron  affinity  is  the  thermal  effect  of  the  process 

-f*  2~(  ***)  — >X~(  «•»).  (  XV  *9) 

Hence 

A (X) «•  A//e/0 (IV.  10) 

In  literature,  a  positive  sign  is  usually  ascribed  to  the  values 
of  the  electron  affinity,  although  the  addition  of  an  electron  is  ac¬ 
companied  by  release  of  energy.  In  order  to  conserve  the  uniformity 
of  the  signs  of  the  thermochemical  magnitudes,  the  values  of  electron 
affinity  are  given  with  negative  signs  in  the  Handbook,  as  follows 
from  Eq. (IV. 10). 

The  values  of  the  equilibrium  constants  quoted  in  the  Handbook 
correspond  to  the  reactions  of  dissociation,  inoization  and  evapora¬ 
tion  of  substances,  i.e.,  to  processes  accompanied  by  energy  absorp-  . 
tion.  Thus,  in  order  to  conserve  the  uniformity  in  the  Tables  of 
thermodynamic  properties  in  Vol.  II  of  the  Handbook*  the  values  are 
given  for  the  equilibrium  constants  which  correspond  to  the  reaction 

X~  (.***)  — +X  (««}-r  («••),  (iv.ii) 

I.e.,  for  the  process  of  detachment  of  an  electrom  from  the  ion,  for 
which 

/{*-)==- 4  (X}^A//70(X,  »..)  +  AfT/0(e-,  «»)  -  AH°i0(X~,  — ).  (IV.  12) 
is  valid.  For  example, 

I(0-)~-A(0)  =  A//7o(0,  «*•) -r i//°/o(e-,  «»)- A/TMCT,  .««)• 

The  values  of  electron  affinity  (and,  respectively,  of  the  de¬ 
tachment  of  an  electron  from  the  ion),  quoted  in  the  handbook,  are 
related  to  0°K. 

The  reduction  of  the  heat  affects  of  a  reaction  from  one  temper¬ 
ature  to  another  is  carried  out  by  equation 


-  275  - 


based  on  Kir chhof f ’ s  law.  Carrying  out  such  reductions,  it  must  be 
takeririnto  account  that  the  he  a  ts^j£^piiase^tran  s  i  t  i  on  s  between  crys¬ 
talline  modifications  ajjd-*t!3e*melting  heats  are  allowed  for  in  the 
compilation  of  the  tables  of  the  enthalpy  of  substances  in  the  con¬ 
densed,  state  (see  Eq.(III.9))*  Thus,  the  thermal  effect  of  a  reaction 
calculated  by  Eq.  (IV.  13)  corresponds  always  to  the  thermodynamical 
equilibrium  state  of  the  substances  at  the  temperature  T2* 

Coordination.  The  mutual  connection  between  the  thermochemicai 
quantities  makes  tiilr  coordination  necessary.  The  thermochemicai 
quantities  quoted  in  the  Handbook  are  a  system  of  values  coordinated 
to  each  other.  In  order  to  provide  for  this  coordination,  only  ther¬ 
mal-effects  of  reactions  measured  immediately  in  the  papers  were  used 
when  choosing  the  thermochemicai  quantities.  A  number  of  other  ther¬ 
mochemicai  quantities  is  needed  in  order  to  calculate  the  heats  of 
formation,  the  dissociation  energies,  etc.  by  means  of  these  data. 

The  calculations  were  in  all  cases  carried  out  on  the  basis  of  the 
data  accepted  in  the  Handbook.  In  a  number  of  cases,  the  values  of 
certain  thermochemicai  quantities  were  needed  which  are  not  dealt  tvith 
in  the  Handbook  (for  example,  the  integral  and  differential  heats  of 
dissolution  of  hydrogen  chloride  or  fluoride  in  water,  the  heat  of 
alkali  halides,  etc.;.  These  values  were  assumed  according  to  the 
data  of  the  Handbook  of  the  Bureau  of  Standards  of  the  U.S.  [3508]. 

Attention  was  also  paid  to  the  coordination  between  the  thermo¬ 
chemicai  quantities  and  the  values  of  the  thermodynamic  functions  ac¬ 
cepted  in  the  Handbook.  In  connection  with  this  fact,  the  results  of 
all  measurements  of  thermal  effects  at  high  temperatures  and  also  the 
results  of  investigation  of  equilibria  and  measurements  of  vapor 


pressures  were  converted,  using  the  values  of  enthalpy  and  of  the  re-  . 
duced  thermodynamic  potential  of  the  reaction  components  accepted  in 
the  Handbook.  . 

Estimation  of  Inaccuracies.  The  estimation  of  inaccuracies  of  the 
accepted  thermochemical  quantities  in  many  cases  causes  great  diffi¬ 
culties.  The  authors  of  experimental  work,  as  a  rule,  quote  inaccura¬ 
cies  which  characterize  the  random  errors  of  the  experiment.  The  re¬ 
sults  of  measurements,  beside  the  random  errors,  may  include  systema¬ 
tic  errors  caused  by  the  presence  of  side  reactions,  by  systematic 
errors  of  the  measuring  devices,  the  inaccuracy  of  the  conditions  un¬ 
der  which  the  measurements  are  carried  out,  etc.  A  correct  estimation 
of  these  errors  is,  with  rare  exceptions,  not  possible.  Thus,  the' 
\<.lzes  of  inaccuracies  of  seme  thermochemical  quantities  (especially 
of  the  estimated  ones)  accepted  in  the  Handbook  are,  in  a  number  of 
cases  to  a  certain  extent  arbitrary. 

The  results  of  the  individual  experimental  investigations  are  ‘ 
usually  given  in  the  text  of  the  Handbook  with  that  inaccuracy  which 
the  authors  of  the  investigations  ascribe  to  them.  The  values  of  in¬ 
accuracies  of  the  heats  cf  sublimation  or  reactions,  quoted  in  the 
text,  obtained  by  recalculation  of  the  experimental  data  on  the  basis 
of.  the  values  of  thermodynamical  functions  accepted  in  the  Handbook, 
are  arithmetic  mean  inaccuracies. 

Together  with  the  value  of  the  thermochemical  quantity  accepted 
in  the  Handbook,  that  inaccuracy  is  given  which  the  authors  of  the 
Handbook  consider  to  be  the  most  justified  one  and  which  is  used  in 
the  subsequent  calculations  (these  values  are  given  in  bold  type). 

The  inaccuracies  of  derivative  quantities  are  calculated  on  the  basis 
of  the  inaccuracies  of  all  quantities  used  for  calculation.  It  was 
assumed  that  the  inaccuracy  of  a  derivative  quantity  is  equal  to  the 
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square  root  of  the  sura  of  squares  of  the  inaccuracies  of  the  indivi¬ 
dual  measurements.  This  explains  the  fact  that  uhe  inaccuracies  of 
derivative  quantities  sometimes  possess  an  unjustifiably  large  number 
of  significant  digits  (the  number  of  significant  digits  in  inaccura¬ 
cies  of  derivative  quantities  does  not  reflect  the  degree  of  reliabi¬ 
lity  of  their  estimation). 

The  values  of  inaccuracies  of  thermochemical  quantities  accepted 
in  the  Handbook  differ  in  many  cases  from  those  cited  in  the  original 
papers,  because  the  choice  of  the  inaccuracies  was  carried  out  allow¬ 
ing  for  the  peculiarities  of  the  experimental  investigation  (or  the 
method  of  estimation),  for  the  results  of  other  measurements  of  the 
same  quantity,  the  comparison  of  the  given  quantity  with  quantities 
obtained  for  other  compounds,  of  the  uncertainties  used  in  calcula¬ 
ting  supplementary  data  (heats  of  formation,  thermodynamic  functions), 
etc*  The  values  of  uncertainties  ascribed  to  the  given  quantity  by 
authors  of  other  Handbooks,  monographs  or  reviews,  have  also  been 
taken  into  account. 

§21.  EXPERIMENTAL  METHODS  OF  THE  DETERMINATION  OF  THERMOCHEMICAL 

QUANTITIES 

The  majority  of  the  values  of  heats  of  formation  accepted  in  the 
Handbook  is  based  on  the  results  of  calorimetric  measurements  of  the 
thermal  effects  of  reactions.  A  thorough  description  of  methods  of 
calorimetric  measurements  is  given  in  the  monographs  by  Popov  [332], 
Rossini  [3502]  and  Kubaschewski  and  Evans  [2673.  Among  the  other  me¬ 
thods  of  determination  of  thermochemical  magnitudes,  the  calorimetric 
methods  belong  to  the  most  accurate  ones.  The  technique  of  the  calor¬ 
imetric  measurements  is  at  present  perfect  and  provides  accurate  re¬ 
sults.  The  main  sources  of  measurement  errors  in  these  methods  arc 
side  reactions,  insufficient  accuracy  in  the  determination  of  the  com- 

-  278  - 


position  (including  the  phase  composition)  of  the  reaction  products, 
and  the  presence  of  impurities  in  the  initial  substances. 

The  determination  of  the  heat  of  formation  of  organic  substances 
is  mainly  carried  out  by  measuring  the  heat  of  combustion.  Heats  of 
hydration,  halogenation  and  hydrohalogenation  of  organics  are  more 
rarely  determined  by  calorimetric  methods.  The  accuracy  of  measuring 
the  combustion  heat  of  organics  containing  carbon,  hydrogen,  oxygen 
and  nitrogen  achieved  in  contemporary  works,  is  very  high;  thus,  for 
example,  the  results  obtained  in  a  number  of  works,  are  reproducible 
within  0.02-0. 05$.  The  calculation  of  the  heat  of  formation  of  organics 
on  the  basis  of  the  measured  heats  of  combustion  offers  no  great  dif¬ 
ficulties  because  the  composition  of  the  combustion  products  is  usu¬ 
ally  relatively  simple  and  may  be  reliably  determined  by  analysis, 
and  the  heats  of  formation  of  the  main  products  of  combustion  (C0?, 

ILjO)  are  determined  very  accurately. 

Difficulties  in  the  determination  of  the  final  composition  of  the 
combustion  products  arise  when  combusting  organics  which  contain  sul-  .. 
fur,  chlorine  and  bromine,  because  these  elements  are  present  in  the 
combustion  products  in  the  form  of  several  compounds.  In  these  cases.-; 
the  accuracy  of  the  determination  of  the  heat  of  combustion  and  the.  ; 
accuracy  of  the  calculation  of  heat  of  formation  on  the  basis  o 1  these 
data  is  not  always  satisfactory. 

The  combustion  of  compounds  containing  chlorine  and  bromine  is 
usually  carried  out  in  the  presence  of  reducing  agents  (an  aqueous 
solution  of  ASgOy  for  example).  Under  these  conditions,  chlorine  and 
bromine  are  found  totally  in  the  form  of  the  corresponding  hydrogen 
halide  acid.  Good  results  are  achieved  when  combusting  halide-contain¬ 
ing  compounds  by  the  methods  of  the  rotating  bomb  and  "quartz  wool".* 
iiany  halide-containing  compounds  burn  with  difficulties  and  must  be 
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burned  together  with  other  substances,  which  fact  reduces  the  accur¬ 
acy  ofi  She'  measurement.  More  accurate  values  of  formation  heats  of 
halogen  derivatives  of  methane  and  ethylene  have  been  obtained  by 
other.:methods,  for  example,  by  measuring  the  heat  of  the  reaction  with 
alkali;  metals. 

The  application  of  calorimetric  methods  for  the  determination  of 
the  heats  of  formation  of  inorganics  is,  as  a  rule,  a  more  difficult 
problem.  In  many  cases,  the  heats  of  formation  of  inorganics  may  be 
calculated  on  the  basis  of  the  measurement  of  the  heats  of  combustion; 
this  method,  however,  in  this  case  is  not  of  such  an  universal  im- 
portance  as  in  that  of  organics.  Beside  measurements  of  heats  of  com¬ 
bustion,  measurements  of  the  heats  of  solution,  hydrolysis,  chlori¬ 
nation,  substitution,  reduction,  etc.,  are  widely  used.  The  final 
composition  of  the  products  of  reactions  used  for  the  determination 
of  the  heats  of  formation  of  inorganics  is  in  many  cases  complex,  ana 
their  chemical  analysis  cannot  always  be  carried  out  with  sufficient 
accuracy.  These  circumstances  make  it  necessary  to  use  for  the  cal¬ 
culation  of  the  heat  of  foimation  of  inorganics  data  on  the  thermal 
effects  of  several  reaction,  and  the  accuracy  cf  the  obtained  values 
is  reduced. 


An  important  source  for  data  on  beats  of  formation  of  various, 
compounds,  including  compounds  which  are  not  stable  at  room  tempera¬ 
ture,  are  the  measurements  of  the  equilibrium  constants.  A  description 
of  the  various  methods  01  the  investigation  of  equilibria  is  given  in 
the  reviews  by  Kubaschewski  and  Evans  [267],  Vvedenskiy  [119j,  and 
Cottrell  [2553. 

A  particular  case  of  the  investigation  of  equilibria  are  the 
measurements  of  vaper  pressures  above  solid  and  liquid  substances.  The 
most  important  method  of  measuring  vapor  pressures  are:  the  •••' rusion 


method  by  Knud sen,  the  method  of  evaporation  on  an  open  surface  by 
Langmuir,  and  the  method  of  measuring  influr  (dynamic  method).  A  des¬ 
cription  of  these  methods  is  given  in  the  Handbook  by  Nesmeyanov  [30Sb] 
and  in  the  monograph  by  Vvedenskiy  [119a]. 

The  molecular  composition  of  the  products  of  the  investigated  re¬ 
action  must  be  known  in  order  to  determine  the  value  of  the  equilibrium 
constant.  The  results  of  various  thermodynamic  investigations,  in  the 
first  place  of  mass-spectrometric  ones,  have  shown  that  the  composi¬ 
tion  of  the  products  of  chemical  reactions  is  very  complex  in  many 
cases,  especially  at  high  temperatures.* The  problems  related  to  the 
complication  of  the  molecular  composition  of  substances  in  gaseous  and 
condensed  states  at  high  temperatures  are  thoroughly  dealt  with  in 
the  review  by  Brewer  and  Searcy  [95] • 

Besides  the  equilibrium  constants,  also  the  heats  of  formation 
of  the  other  reaction  components  and  the  values  of  the  thermodynamic 
functions  of  all  reaction  components  must  be  known  when  calculating 
the  heat  of  formation  of  one  component  of  reaction  under  standard  con¬ 
ditions.  The  authors  of  the  original  investigations  on  equilibria  u;  •' 
for  the  calculation  of  heats  of  formation  values  of  thermodynamic  func¬ 
tions,  which  in  many  cases  differ  essentially  from  those  accepted  in 
the  present  Handbook.  In  order  to  provide  a  coordination  of  the  data 
quoted,  the  results  of  the  original  works  have  been  recalculated  on  the 
basis  of  the  values  of  thermodynamic  functions  and  heats  of  formation 
of  the  reaction  components  accepted  in  the  Handbook.  The  latest  data 
on  the  reaction  products  have  been  taken  into  account  when  carrying 
out  such  calculations.  This  recalculation  led  in  a  number  of  cases  to 
a  higher  accuracy  and,  sometimes  to  a  total  alteration  of  the  results 
of  the  calculations  of  the  authors  of  original  papers. 

The  ca3culation  of  the  values  of  reaction  heats  on  the  basis  of 
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the  measurement  of  equilibrium  constants  (including  the  measurement  of 
the  'sublimation  heat  on  the  basis  of  vapor  pressures)  may  be  carried 
outriifi  two  ways.  The  first  one,  usually  applied  in  oMer  papers,  is 
basedon  the  Ilnd  rule  of  thermodynamics,  in  particular  on  the  van't 

Hoff -equation  for  the  isobar  Of  the  reaction 
\  \  -  *  tH-. 

RlnKP  = - -  + const.  ( IV.  14) 

Data  on  the  equilibrium  constants  at  two  temperatures  (two  un¬ 
known  quantities,  Afyj,  and  const,  enter  Into  the  equation)  are  neces¬ 
sary-  ^  sufficient  in  order  to  determine  the  heat  of  reaction  by 
thlsmathod.  In  practice,  the  heat  of  reaction  is  determined  on  the 
basis  of  the  values  of  equilibrium  constants  in  a  certain  temperature 
interval  by  plotting  a  graph  or  by  analytical  determination  of  the 
slope  of  the  straight  line  expressing  In  Kp  as  a  function  of  1/T. 

The  second  method,  recently  widely  in  use,  is  based  on  Eq. (I. 15), 
according  to  which 

Aff,«r(AOr  —  RlnKp).  (IV.  15) 

* 

The  values  of  of  all  substances,  taking  part  in  the  reaction, 
and  at  least  one  value  of  the  equilibrium  constant  is  necessary  for 
the  calculation  of  the  heat  of  reaction  by  Eq.(IV.15).  Calculation  by 
this  method  has  a  number  of  essential  advantages  in  comparison  with 
the  calculation  based  on  the  tenperature  dependence  of  In  K^.  In  par¬ 
ticular,  scattering  of  the  experimental  data  frequently  hinders  re¬ 
liably  to  determine  the  slope  of  the  straight  line  In  K  =  f(l/T), 
which -causes  errors  in  the  thermal  effect  of  the  reaction  up  to 
10-20  kcal/mole.  At  the  same  time,  even  the  use  of  relatively  inac- 
curate  values  of  the  reduced  thermodynamic  potentials  having  an 
inaccuracy  equal  to  +1  cal/mole* degree,  leads  to  an  error  of  +1  kcal/ 
mole  if  the  measurements  are  carried  out  at  1000° C,  and  +  2  kcal/mole 
at  2000°K. 


Q 


O 
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An  important  advantage  of  the  calculation  method  based  on 
Eq.  (IV. 15)  is  the  fact  that  it  makes  it  possible  to  allow  for  a  com¬ 
plex  composition  of  the  reaction  products,  including  the  complex  com¬ 
position  of  vapors  (see  [296]).  Thus,  in  the  present  Handbook,  the 
calculations  of  the  heats  of  reaction  on  the  basis  of  data  or  equi¬ 
libria  were  carried  out,  as  a  rule,  by  Eq. (IV.  15). 

The  method  of  explosion  in  a  spherical  bomb  [ 169,  297]  and  the 
method  of  investigation  of  equilibria  in  flames  [122]  may  be  used  for 
the  investigation  of  equilibria  at  high  temperatures.  The  method  of 
explosion  in  a  spherical  bomb  consists  of  measuring  the  pressure  de¬ 
veloped  in  an  adiabatic  explosion  of  a  gas  mixture  in  a  closed  vessel. 
The  value  of  the  explosion  pressure  found  in  the  experiment  makes  it 
possible  to  calculate  the  heat  of  formation  of  one  of  the  combustion 
products.  This  method  was  successfully  applied  for  the  determination 
of  the  heat  of  formation  and  energies  of  dissociation  of  P2,  C1F, 

OH,  SiO,  Si02  (gas),  COFg,  and  some  halogen  derivatives  of  methane. 

The  intensity  of  spectral  emission  of  one  of  the  reaction  com¬ 
ponents  is  measured  when  determining  the  equilibrium  constants  on  the 
basis  of  equilibrium  in  flames.  This  method  was  applied  with  great 
success  in  the  determination  of  dissociation  energies  of  the  oxides 
of  a; kali  earth  metals. 

The  method  of  explosion  in  a  spherical  bomb  and  the  spectrosc-o- 
pical  investigation  of  equilibria  in  flames  make  it  possible  to  de¬ 
termine  the  values  of  heats  of  formation  and  dissociation  energies 
of  substances  which  are  formed  only  at  high  temperatures.  The  main 
difficulties  arising  when  investigations  are  carried  out  by  these  me¬ 
thods  are  caused  by  the  determination  of  the  composition  of  the  re¬ 
action  products  at  high  temperatures. 

The  mass-spectrometric  method  becomes  more  and  more  widely  spread 
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in  recerv'.  years  for  the  determination  of  thermochemical  magnitudes.  A 
description  of  this  method  may,  for  example,  be  found  in  the  monographs 
by  Bernard  [90]  and  Cottrell  [255].  The  results  of  mass-spectroscopi- 
cal .inve s t igat ions  are  measurement  of  the  potentials  of  occurrence  and 
ionization,  and  also  of  the  intensity  of  the  currents  of  the  ions  for¬ 
med*;  If  >  as  the  result  of  an  electronic  impact,  the  bond  in  the  mole¬ 
cule  is  broken,  the  experimentally  found  potentials  of  occurrence  and 
ionization  make  it  possible  to  calculate  the  dissociation  energy  of 
this  bond.  In  this  case,  it  is  necessary,  to  know  the  energy  of  the 
electron  excitation  and  the  kinetic  energy  of  the  fragmencs  of  the 
molecule.  In  many  cases,  however,  it  is  difficult  to  ascribe  the  me¬ 
asured  potential  of  the  occurrence  of  an  ion  to  a  concrete  process. 

The:  temperature  at  which  the  dissociation  ionization  takes  place  must 
also  be  known  when  calculating  the  dissociation  energy  of  the  bond. 

As  Tal'roze  and  Frankevich  [407]  have  shown,  a  temperature  equilibri¬ 
um  occurs  between  the  walls  of  the  chamber  and  the  gas  in  the  ioniza¬ 
tion  chamber  of  a  mass  spectrometer  having  a  source  of  the  Nier  type. 
Taking  this  fact  into  account,  it  was  assumed  in  the  Handbook,  when 
recalculating  the  results  of  mass  spectroscopical  investigations, 
where  the  temperature  of  the  molecular  beam  is  not  explicitly  mention¬ 
ed,  that  the  process  of  the  dissociation  ionization  take  place  at  the 
temperature  of  the  ion  source.  The  temperature  of  the  walls  of  the 
ion  source  was  approximately  assumed  to  be  equal  to  500°K. 

The  application  of  the  mass-speetrometrical  method  for  measuring 
vapor  pressures  of  substances  in  the  condensed  state  has  proved  itself 
to  be  very  productive.  In  contrast  to  the  usual  methods  of  tin  me a cur¬ 
iae  nt  of  vapor  pressures,  the  mass -spec trometrical  method  makes  it  pos¬ 
sible  to  determine  the  molecular  composition  of  the  products  of  evap¬ 
oration  and  to  obtain  data  which  characterize  each  component  of  the 
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saturated  vapor.  A  great  number  of  examples  may  be  cited,  in  which  es¬ 
pecially  the  mass-spectrometrical  method  enabled  the  investigator  to 
clear  up  the  composition  of  vapors  and  to  find  the  correct  values  of 
the  heat  of  sublimation.  The  intensity  of  the  ion  current  of  the  given 
vapor  component  as  a  function  of  the  temperature  is  measured  when  such 
investigations  are  carried  out.  Owing  to  the  fact  that  the  intensity 
of  the  ion  current  is  proportional  to  the  pressure,  the  heat  of  sub¬ 
limation  of  the  given  vapor  component  (or  the  heat  of  reaction  between 
gaseous  substances,  if  the  intensities  of  the  corresponding  ion  cur¬ 
rent  have  been  measured)  may  be  calculated  by  Eq. (IV.14).  More  accur¬ 
ate  values  of  the  thermal  effects  may  be  obtained  by  Eq. (IV. 15),  the 
values  of  the  partial  pressures,  however,  must  be  known  for  this  cal¬ 
culation,  and  their  determination  requires  estimation  of  the  ioniza¬ 
tion  cross  sections  of  the  atoms  and  molecules. 

The  heats  of  formation  of  several  substrnces  may  be  calculated  on 
the  basis  of  measurement  of  the  emf  of  galvanic  cells  (PbO)  and  also 
on  the  basis  of  measurements  of  the  solubility  product  of  difficulty- 
soluble  substances  (FbF2).  These  methods  are  discussed  in  the  papers 
by  Kubaschewski  and  Evans  [267]  and  Brewer  [1093].  A  review  of  the 
methods  to  determine  bond  energies,  based  on  investigations  of  the  re¬ 
action  kinetics,  may  be  found  in  the  papers  by  Szwarc  [  3912]  and 
Cottrell  [255].  These  methods  have  been  used  successfully  in  the  de¬ 
termination  of  the  formation  heats  of  a  number  of  radicals. 

The  dissociation  energies  of  diatomic  molecules  may  be  found  as  a 
result  of  the  investigation  of  their  spectra.*  A  thorough  statement  of 
the  various  spectroscopical  methods  of  determination  of  the  dissocia¬ 
tion  energy  is  given  in  Gaydon’s  monograph  [1668]  (see  also  the  papers 
by  Herzberg  [2020]  and  Cottrell  [255]). 

The  spectroscopical  determination  of  the  dissociation  energy  of  a 
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molecule  requires  finding  of  the  energy  of  the  dissociation  limit 
with" respect  to  the  lower  level  (v  =  0,  J  =  0)  of  the  ground  state  and 
the  determination  of  the  electronic  states  of  the  dissociation  pro¬ 
ducts;.  The  energy  of  the  dissociation  limit  may  be  determined:  1)  on 
the  tlasis  of  the  boundary  where  the  bands  join  the  continuous  spectrum 
in^he  .absorption  spectrum;  2)  on  the  basis  of  the  predissociation  in 
the^spectrum;  3)  on  the  basis  of  the  long-wave  edge  of  the  continuous 
absorption  spectrum,  and  4)  by  investigation  of  the  atomic  fluores¬ 
cences.  The  energy  of  the  dissociation  limit  may  also  be  estimated 
approximately  by  extrapolation  of  the  observed  vibrational  energy  le¬ 
vels. 

Frequently,  the  energy  states  cannot  be  determined  on  the  basis 
of  data  obtained  by  the  investigation  of  spectra.  The  determination 
of  the  state  of  dissociation  products  may  in  a  number  of  cases  be 
carried  out  theoretically  on  the  basis  of  the  correlation  rules  of 
electronic  states  of  molecules,  and  of  their  atoms,  proposed  by  Wigner 
and  Witmer  [4267].  In  cases  of  a  unique  interpretation  of  the  electron 
states  of  the  dissociation  products,  the  spectroscopic  investigations 
make  it  possible  to  determine  the  values  of  dissociation  energies 
with  the  highest  accuracy  owing  to  the  high  accuracy  in  the  measure¬ 
ment  of  the  energies  of  dissociation  limits.  In  particular,  such  data 
were  obtained  for  20  molecules  dealt  with  in  the  Handbook  (02,  1^,  Cl2, 
Br2,  I2,  CO,  N2,  and  others). 

For  a  number  of  diatomic  molecules,  whose  spectra  are  insuffici¬ 
ently  investigated,  the  dissociation  energies  may  be  estimated  only 
approximately  by  extrapolation  of  the  vibrational  energy  levels,  ob¬ 
served  experimentally,  to  the  dissociation  limit.  It  is  possible  to 
carry  out  this  extrapolation  by  various  methods.  The  simplest  method 
is  the  linear  extrapolation,  which  was  for  the  first  time  proposed  by 
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Birge  and  Sponer  [830]  and  based  on  the  use  of  Morse's  potential  func¬ 
tion  (see  page  65).*  The  linear  extrapolation  is  usually  carried  but 
analytically  by  means  of  Eq.(l. 12).  The  extrapolation  of  the  vibra¬ 
tional  energy  levels.,  observed  experimentally,  to  the  dissociation 
Unit  may  also  be  carried  out  graphically.  It  must  be  noted  that  va¬ 
rious  types  of  graphical  extrapolation  are  possible:  design  of  graphs 
of  the  functions  AG(v  +  1/2)  from  G(v),  Ag(v  +  1/2)  from  v  +  1/2,  and 
also  of  the  total  energy  of  each  vibrational  level  Ty  =  vQ  +  G(v)  from 
AG(v  +  1/2). 

In  the  present  Handbook,  the  dissociation  energies;  of'  18  diato¬ 
mic  molecules  (SiCl,  MgF,  MgCl,  NH,  NS,  etc.)  have  been  estimated  by 
means  of  various  metiiods  of  extrapolation.  The  accuracy  of  the  values 
of  the  dissociation  energy  obtained  in  this  way  depends  on  the  type  of 
bond  in  the  molecule,  the  number  of  vibrational  levels  determined  in 
the  experiment,  and,  to  a  certain  degree,  on  the  method  of  extrapola¬ 
tion.  The  problems  of  accuracy  and  applicability  of  the  methods  of 
extrapolation  of  vibrational  levels  for  the  determination  of  the  dis¬ 
sociation  energy  are  thoroughly  discussed  in  Gaydon’s  papers  [1658, 

l4l,  1665]. 

It  must  be  emphasized  that  the  extrapolation  is  correct  only  in 
those  cases  where  the  potential  curve  has  a  form  which  is  described 
with  sufficient  satisfaction  by  a  Morse  function.  It  was  shown  in 
a  number  of  papers  [2996,  2995,  643,  2037]  that  for  certain  molecules, 
A IF  and  A1C1,  for  example,  the  potential  curves  of  the  excited  elec¬ 
tronic  states  possess  maxima  lying  higher  than  the  dissociation  levels 
of  these  states.  The  extrapolation  of  the  vibrational  levels  of  these 
states  results  in  overrated  values  of  the  dissociation  energy.  More¬ 
over,  the  linear  extrapolation  results  in  essentially  undei-rated  va¬ 
lues  in  cases  where  the  type  of  the  bond  in  the  molecule  is  to  a  sig- 
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nificant  degree  caused  by  ionic  forces  (in  A1F  or  LiF,  for  example). 

-til  The  dissociation  energies  of*  molecules  whose  spectra  have  not 
been  investigated  at  all  and  for  which  thermochemical  data  are  not  gi- 
veng(fthe  dissociation  ent  ries  of  NF,  MgN,  BeN,  PCI,  PF,  SF,  etc.,  for 
example)  were  estimated  in  the  present  Handbook  by  means  of  various 
appro: imate  relations  and  regularities  which  make  it  possible  to  ob¬ 
tain  orientating  values  of  the  unknown  dissociation  energies. 

§22.  APPROXIMATE  ESTIMATIONS  OF  THERMOCHEMICAL  QUANTITIES 

;;-ME3qperimental  data  which  make  it  possible  to  determine  the  heats 
ofdFprmatlon  or  dissociation  energies  with  sufficient  reliability  are 
lacking  for  many  of  the  substances  dealt  with  in  the  Handbook.  In  such 
cases*  various  empirical  or  half-empirical  methods  of  calculation 
were  used  for  the  determination  of  the  thermochemical  quantities  and 
for  checking  their  concordance  with  other  thermochemical  quantities 
accepted  in  the  present  Handbook. 

The  method  of  "comparative  calculation"  proposed  by  Karapet* yants 
[220,,  221,  215,  216,  217,  218]  is  widely  used  in  the  Handbook.  This 
method  is  based  on  the  principle  of  the  similar  behavior  of  proper¬ 
ties  in  a  series  of  compounds  which  are  similar  in  chemical  properties 
and  in  molecular  structure.  Based  on  numerous  examples,  Karapet ’yants 
in  particular  showed  that  the  heats  of  formation  of  similar  series  of 
compounds  (for  example,  KF,  KC1,  KBr,  KI,  and  NaF,  NaCl,  NaBr,  Nal) 
show  a  mutual  linear  dependence.  A  linear  dependence  is  also  observable 
between  different  properties  of  the  same  series  of  similar  compounds 
(for  example,  between  AHs  and  AHf,  S298.I5  and  D05  etc*)'  Plotting  the 
corresponding  graphs,  the  values  of  -uhe  thermodynamic  quantities  may 
be  estimated  with  a  certain  accuracy.  It  must  be  noted,  however,  that 
the  method  by  Karapet  * yants  gives  good  results  only  if  data  on  compounds 
are  used  which  are  sufficiently  similar  to  each  other.  Calculations 
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carried  out  by  the  authors  of  the  Handbook  proved  that  the  method  by 
Karapet 1 yants  is  applicable  nut  only  for  stable  compounds  but  makes 
it  possible  to  estimate  also  the  heats  of  formation  of  radicals.  The 
method  by  Karapet 'yants  was  used  in  the  Handbook  in  a  number  of  cases 
to  check  the  agreement  of  thermochemical  quantities  and  to  estimate 
their  inaccuracies. 

The  method  of  determining  the  dissociation  energy  of  substances 
based  on  the  principle  of  additivity  cf  the  mean  bond  energies,  is 
widely  used  in  literature.  It  is  assumed,  if  carrying  out  such  calcu¬ 
lations,  that  the  energy  of  a  bond  with  the  same  multiplicity  re¬ 
mains  constant  in  all  compounds  of  a  given  pair  of  atoms.  This  rela¬ 
tively  simple  scheme  has  been  widely  used  in  a  number  of  papers 
[357 ,  358,  199,  127,  471,  255]  (the  values  of  mean  bond  energies  cal- 
f  ’ilated  in  accordance  with  recent  thermochemical  data  are  quoted  in 
japer  [468]).  However,  carrying  out  calculations  by  means  of  this 
most  simple  method,  the  effect  on  the  bond  energy  of  neighbored  atoms 
and  atom  groups  remains  totally  neglected.  The  problem  of  the  con¬ 
nection  between  the  dissociation  energy  of  a  molecule  and  the  struc¬ 
ture  of  the  latter  has  been  thoroughly  discussed  in  the  papers  by 
Tatevskiy  [409]  and  Tatevskiy  and  Papulov  [4ll,  412,  413].  It  has  been 
shorn  in  these  papers  that  accurate  calculations  are  possible  only  in 
combination  with  a  detailed  classification  of  the  chemical  bonds,  and 
such  a  classification  is  giver  for  some  homologous  series.  The  most 
thorough  classification  of  the  bonds  in  alkanes,  developed  by  the 
authors,  includes  the  classifications,  proposed  earlier  in  other 
papers,  as  particular  cases.  Tatevskiy  and  Papulov  [412]  also  inves¬ 
tigated  the  method  of  representing  the  dissociation  energies  of  mole¬ 
cules  as  the  sums  of  the  interactions  of  their  atoms  developed  by 
Bernstein  [761],  and  they  have  shown  that  this  method  gives  definite 
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equations  which  do  not  differ  in  principle  from  the  equations  derived 
on  the  basis  of  classification  of  the  bonds. 

It  must  be  noted  that,  in  the  case  of  inorganics,  the  method  of 
determining  the  dissociation  energy  of  compounds  by  means  of  the  dis¬ 
sociation  energies  of  the  individual  bonds  does  not  yield  such  accur¬ 
ate  resuDts  as  in  the  case  of  homologous  series  of  organic  compounds. 
This  may  be  explained  by  the  significantly  higher  spec  fity  of  the 
bonds  in  inorganics  which  do  not  allow  for  the  statement  of  a  general 
and,  at  the  sa  time,  detailed  classification  of  the  bonds  and  to 
ascribe  to  the  individual  bonds  values  of  dissociation  energy  which 
remain  constant  for  a  sufficiently  large  group  of  substances. 

In  some  cases,  the  method  of  estimating  the  heats  of  combustion 
of  organics,  proposed  by  Kharasch  [2392]  (see  a] so  [468,  471,  2l4, 
271]),  and  the  method  of  ,,half-sums,'  proposed  by  Berkenheim  [89] 

(see  also  [470]),  was  used  in  the  Handbook. 

Experimental  investigations  on  the  heats  of  formation  or  on  dis¬ 
sociation  energies  make  it  possible,  as  a  rule,  to  determine  the  va¬ 
lues  of  these  quantities  for  one  of  the  isotopic  modifications  of  the 
nolecules  of  the  substance  in  question.  In  most  cases,  the  difference 
of  the  formation  heats  of  the  different  isotopic  modifications  of 
molecules  does  not  exceei  the  inaccuracy  of  the  measurements.  In  cases, 
however,  where  this  is  needed,  the  dissociation  energies  and,  there¬ 
fore,  also  the  formation  heats  of  all  isotopic  modifications  of  a  gi¬ 
ven  substance  may  be  calculated  if  the  dissociation  energy  of  any  mo¬ 
dification  is  wellknown.  Owing  to  the  fact  that  the  intramolecular 
field  of  force  does  almost  not  depend  on  the  isotopic  composition  of 
tie  molecule,  the  value  of  the  quantity  DQ  (  le  page  64)  also  does  not 
depend  on  the  isotopic  composition  of  the  molecules.  Thus,  the  differ¬ 
ence  between  the  dissociation  energies  of  two  isotopic  modi! Ications 
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of  the  ABCD  molecule  may  be  calculated  by  the  equation 

Dc(A'B'C'D')—  D 0(rt'£’C'£')  -6(0,  0,0,... )A-2-c-ir  —  C(0,  0,  0,..)A-^cv>*»  ( IV.  16) 
where  G(0,  0,  0,  • * • )AiBiCtD«  and  G(°>  Oj  0,  . . . )A"B‘,c,,dw  are  the  vi“ 
brational  energies  of  these  molecules  in  ground  states  (see  Eqs.(1.5) 
and  (1.49)). 

If  the  vibrational  constants  are  determined  with  sufficient  ac¬ 
curacy,  the  error  of  the  calculation  of  the  difference  of  the  disso¬ 
ciation  energies  by  Eq. (IV.16)  does  not  exceed  the  errors  of  the  besc 
experimental  measurements. 

§23.  REFERENCE  LITERATURE  ON  THERMOCHEMICAL  QUANTITIES 

The  authors  of  the  Handbook  were  guided  in  the  choice  of  the 
thermochemical  quantities  mainly  by  original  papers.  Moreover,  the 
materials  of  various  Handbooks  have  been  widely  used.  The  Handbook  by 
Bichowsky  and  Rossini  [813]  is  of  great  value  because  the  results  of 
a  vast  number  of  thermochemical  investigations,  beginning  with  the 
papers  by  Berthelot  and  Thompson,  and  ending  with  1934,  are  compiled 
and  estimated.  This  Handbook  served  as  a  basis  for  the  majority  of 
later  publications. 

The  Handbook  "Termicheskiye  konstanty  neorganicheskik^  veshchesv.- 
[Thermal  Constants  of  Inorganic  Substances J,  compiled  by  Britske, 
KapustinsKiy,  Veselovskiy,  Shamovskiy,  Chentsova  and  Anvayer  [98] 
on  the  basis  of  the  work  by  Bichowski  and  Rossini  [813]  was  the  first 
publication  of  this  type  in  the  Russian  language.  The  paper  [813]  is 
extended  by  material  taken  from  the  Landolt-Berustein  Handbook  and  the 
monographs  by  KeDley  [2355, 2365,  3356,  5357,  2353, 2360]  and  also  by  data 
taken  from  original  papers  published  in  1936-1940.  However,  being  use¬ 
ful  as  a  whole,  the  Handbook  [98]  possesses  grave  disadvantages.  Thus, 
correcting  numerical  data,  the  authors  committed  an  internal  discord¬ 
ance  among  some  data.  For  example,  they  changed  essentially  the  heats 
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of  formation  of  aluminum  oxide  and  boron  oxide,  the  heats  of  forma¬ 
tion  of  a  number  of  other  substances,  however,  which  are  usually  cal¬ 
culated  by  means  of  these  values,  have  been  left  without  correction. 

The  Handbook  of  the  National  Bureau  of  Standards  of  the  U.S. 
[3508]  may  be  considered  to  be  the  fundamental  modern  reference  publi¬ 
cation  of  heats  of  formation  of  phase  transitions.  This  Handbook  is 
unique  with  regard  to  the  number  of  compounds  dealt  with  and  the  to¬ 
tality  of  the  literature  material  included.  Unfortunately,  in  the  case 
of 'Some  compounds,  the  literature  is  utilized  only  up  to  1947-1950, 
and  the  Handbook  does  not  contain  texts  which  explain  the  choice  of 
the  quantities,  and  thus,  in  some  cases,  may  cause  difficulties. 

Of  great  value  are  the  reviews  by  Brewer  et  al.  on  the  thermo¬ 
dynamic  properties  of  elements,  nitrides,  carbides,  sulfides,  sili- 
cides,  borides,  phosphides,  usual  gases,  and  halogen  compounds  [ 1093 
and  oxides  [917].  A  short  substantiation  of  the  accepted  values  is 
given  in  these  reviews,  and  the  original  estimations  are  quoted. 

In  the  papers  by  Kubaschewski  and  Evans  [267,  2494,  2495],  the 
heats  of  formation  and  sublimation  of  a  number  of  compounds  are  cited. 
The  fact  that  estimations  of  the  inaccuracies  of  the  accepted  values 
are  given,  is  an  important  merit  of  these  papers.  Coughlin  [1193]  com¬ 
piled  a  review  on  the  heats  of  formation  of  oxides  and  also  estimated 
the  errors  of  the  accepted  values.  Papers  published  up  to  September 
1953  'were  utilized  in  this  review.  The  paper  by  Cottrell  [255j  and  the 
review  by  Kondrat’yev  [243]  are  dealing  with  the  choice  of  the  values 
of  mean  bond  energies  and  dissociation  energies  of  bonds,  the  latter 
being  of  particular  value  for  the  calculation  of  the  heats  of  forma¬ 
tion  of  radicals  and  molecules  instable  under  usual  conditions. 

A  review  of  the  results  and  methods  of  measurement  of  the  elec¬ 
tron  affinity  is  given  in  the  papers  by  Pritchard  [3330]  and  Buchel'- 
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nikova  [116] 
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[Footnotes] 


271  The  ionization  energy  is  frequently  also  named  ionization 

potential. 

279  The  essence  of  the  "quartz  wool"  method  lies  in  the  fact 

that  the  combustion  is  carried  out  in  a  calorimetric  bomb 
whose  inner  walls  are  covered  by  quartz  wool  moistened  with 
the  solution  of  a  reducing  agent.  The  great  area  of  contact 
provides  for  the  total  -transformation  of  the  free  halide  in¬ 
to  a  solution  of  the  corresponding  hydrogen  halide  acid. 

281  Under  certain  conditions,  such  "unusual"  molecules  as  Ba20 

Ba20-j,  Ba202,  A120,  A1G,  Mo^O^,  MojjO^,  AlgC^Be^Og,  BgCU, et 

are  the  main  products  of  evaporation  or  important  components 
of  the  saturated  vapor.  Moreover,  the  composition  of  the 
condensed  phases  becomes  also  complex  at  high  temperatures: 
thus,  for  example,  phases  of  varying  composition  and  such 
compounds  as  A10  (solid)  and  A120  (solid)  may  exist  under 

certain  conditions. 

285  With  rare  exceptions,  the  dissociation  energy  of  polyatomic- 

molecules  cannot  be  determined  by  spectroscopical  methods 
owing  to  the  complexity  of  the  corresponding  spectra. 

287  Other,  more  complex  relations  may  be  obtained  when  using 

mors  complex  expressions  for  the  potential  energy  of  the 
molecule  (see,  for  example,  the  paoers  by  Lippincott  and 
Schroeder  ([2624,  2625],  Varshni  [4072]  and  others). 
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CHOICE  OP  THE  INITIAL  CONSTANTS  AND  CALCULATION 
OF  THE  TABLES  OP  THERMODYNAMIC  PROPERTIES 

Chapter  5 
OXYGEN 

(0,  0+,  0”,  o2,  o+,  o3) 

In  the  present  chapter,  the  monatomic  oxygen  and  its  positive 
and  negative  ions,  the  diatomic  oxygen  and  its  positive  ion,  and 
ozone  are  dealt  with.  The  data  cited  make  it  possible  to  calculate 
the  composition  and  the  thermodynamic  properties  of  oxygen  and  its 
dissociation  and  ionization  products  with  a  sufficiently  high  accura¬ 
cy  up  to  20,000°K.  Even  at  a  temperature  of  20,000°K,  multicharge  ions 
of  monatomic  oxygen  are  formed  in  negligible  quantities  and,  with  the 
exclusion  of  special  cases,  it  is  not  necessary  to  take  them  into  ac¬ 
count. 

The  compounds  of  oxygen  with  other  elements  are  dealt  with  in 
the  subsequent  chapters  of  the  Handbook. 

§24.  MOLECULAR  CONSTANTS 

-a  2  2  4 

0.  In  the  ~T  ground  state,  the  oxygen  atom  possesses  a  Is  2s  2p 

electron  configuration  to  which  two  other  states,  *4)  and  4s,  still 
correspond.  Three  series  of  terms  are  formed  by  excitation  of  one 
2p  electron:  ls22s22p^(^S)ni j  ls22s”2p^(2D)n£  and  ls22s22p^(“P)ni, 
whose  limits  lie  at  109,837$  138,650,  and  150,304  cm  higher  than  the 
under  ^P2  level  of  this  atom.  The  first  series  consists  of  triplet  and 
quintet  states  with  L  =  i,  the  second  one  of  singlet  and  triplet  states 
with  L  =  2  (at  £  =  0);  L  =  1,  2,  3  (at  £  =  1)  and  L  =  i;  i  +  1, 

£  +  2  (at  £  >  2);  the  third  series  consists  of  singlet  and  triplet 
states  with  L  -  1  (at  £  =  0)  and  L  =  £,  £  +  1  (at  £  >  1).  The  first 


excited  states  of  these  series  (n  =  3)  possess  energies  of  73,767.81 

cnT1}  101,143  cm"'1’,  and  113*910  cm”1,  respectively. 

Besides  the  states  which  correspond  to  the  electron  configura- 
p  p  ^ 

tion  Is  2s  2pJni,  the  oxygen  atom  possesses  a  great  number  of  states 

2  4 

corresponding  to  the  excitation  of  one  2s  electron  (Is  2s2p  ni  config¬ 
uration),  the  simultaneous  excitation  of  two  electrons,  etc.  However, 
the  energies  of  these  levels  are  very  high  (higher  than  200,000  cm-'1"), 
and,  therefore,  with  the  exclusion  of  the  levels  of  the  ls22s2p^(^P)ni 
series,  they  are  not  dealt  with  in  the  present  Handbook. 

The  energy  levels  of  the  oxygen  atom,  corresponding  to  the** 

2  2  4  2  2  ^ 

Is  2s  2p  ,  electron  configuration,  to  the  three  Is  2s  2p~>rd  series  and 

2  4  4 

to  the  Is  2s2p  (  P)n^  series,  accepted  on  the  basis  of  values  recom¬ 
mended  by  Moore  [2941]  are  listed  in  Table  16.  It  must  be  noted  that 
data  on  only  a  small  part  of  the  levels  of  the  series  mentioned,  main¬ 
ly  on  terms  with  L  <  2,  are  given  in  this  review.  Transitions  between 
the  other  levels  were  not  observed  experimentally  in  the  spectrum  of 

the  monatomic  oxygen.  Thus,  only  the  excitation  energies  for  levels 

2  2  ^  4 

with  £  <  2  and  n  <  11  are  known  for  the  Is  2s  2s  (  S)ni  series,  and 
the  P  terms  are  known  only  for  n  <  6  (with  the  exception  of  the 

fr  c 

5p"T-  and  6p*?P-  levels),  and  the  D  terms  are  known  only  for  n  <  10. 

Data  on  states  belonging  to  the  three  other  series  are  even  more  li- 
mi  ted:  there  are  some  P  and  D  terms  with  n  =  3  for  the  Is  2s  2pJ(  P)ni 
series  and,  finally,  the  2p^  ^P  and  2p^  -*P  terms  for  the  ls22s2p 
series. 

Owing  to  this  fact,  the  excitation  energies  of  these  states  of 
the  series  in  question,  for  which  experimental  data  are  missing,  have 
been  estimated  corresponding  to  the  rules  formulated  in  §2  (see  page 
53)  and  on  the  basis  of  certain  regularities  observed  in  the  position 

r\  Q  O  jt 

of  the  electronic  states  of  the  oxygen  atom.  Thus,  in  the  Is  Ps^p-^S) 


ni  series,  t*:e  excitation  energy  of  the  corresponding  triplet  terms 
was  ascribed  to  the  5p^P  and  6p^P  terms  (the  error  caused  by  this  fact 
amounts  to  approximately  200  cm”1);  all  terms  of  this  series  with 
L  >  3  have  been  related  to  the  energy  of  the  series  boundary,  i.e., 
to  109,837  cm”1.  The  maxiirim  error  in  the  estimation  of  the  terms  of 
this  series  is  committed  for  the  4f^F  and  4f5F  states  and  amounts  to 
about  4000  cm”1.  Owing  to  the  high  excitation  energy  of  the  states  of 
this  series  (higher  than  102,  102,000  cm”1),  however,  the  inaccuracy 
mentioned  does  not  cause  essential  errors  in  the  results  of  the  sub¬ 
sequent  calculations  (see  below,  page  316).  A  similar  situation  is 
given  for  the  levels  of  the  other  series  owing  to  the  fact  that  all 

states  for  which  experimental  data  are  missing,  lie  by  about  100,000- 
-1  ^ 

-120,000  cm  higher  than  the  ~T2  ground  state  of  the  oxygen  atom. 

The  estimated  excitation  energies  of  the  levels  of  the  four  series 
mentioned  are  quoted  in  Table  16.  States  having  energies  similar  in 
value  are  unified  into  one  level  with  a  mean  excitation  energy  and 
a  summarized  statistical  weight.  The  levels  of  these  series  with  va¬ 
lues  of  the  principal  quantum  number  n  <  13  are  listed  in  Table  16. 

0+.  The  positively  charged  ion  of  monatomic  oxygen  possesses 
2  2^ 

the  Is  2s  2p“*  electron  configuration  in  the  ground  state,  to  which 

4  2  2 

three  terms  correspond:  S,  D  and  P.  The  terms  connected  with  the 
excitation  of  2s  and  2p  electrons  possess  an  energy  which  exceeds 

100,000  cm”1  and  are  not  delat  with  in  the  Handbook.  The  excitation 

4  2  2 

energies  and  the  statistical  weights  of  the  S,  D  and  “P  states  of 
the  0+  ion,  accepted  according  to  Moore  [2941],  are  quoted  in  Table 
17. 
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TABLE  16 

Energy  Levels  of  the  Oxygen  Atom 
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0".  The  negatively  charged  ion  cf  the  monatomic  oxygen  po- 

2  o  5  2 

ssesses  the  electron  configuration  Is  2s“2p^  in  the  P  ground  state. 

+  ++ 

Similar  to  the  isoelectronic  F  atom  and  the  Ne  ,  Na  ,  etc.,  ions, 
the  excited  states  cf  the  0“  ion  must  have  energies  higher  than 
100,000  cm-1,  exceeding  almost  by  c.ie  order  its  Ionization  potential, 
a  fact  which  allows  for  the  assumption  that  the  0”  ion  does  not  pos¬ 
sess  stable  excited  states.  This  assumption  is  proved  by  the  missin: 
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of  spectra  cf  the  negatively  charged  oxygen  ion 


TABLE  17 

4*  - 

Energy  Levels  of  the  0  and  0  Ions 
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A)  Ion;  B)  number  of  the  level;  C)  state;  D)  electron 
configuration;  E)  term;  P)  statistical  weight;  G)  en¬ 
ergy,  cm-1. 

2  2 

The  doublet  splitting  of  the  P  ground  state  into  the  P_ 

2  r,  -1 

and  components  is  assumed  to  be  equal  to  180  cm  on  the  basis 

of  the  extrapolation  of  this  quantity  in  the  series  of  isoelectric 

1  l  i  -i  t  -i- 

atoms  and  ions:  F,  Ne  ,  Na  ,  Mg  ,  etc.,  according  to  the  data  cited 

by  Moore  [2941]  (see  Ta'  le  17).  Similar  to  the  isoelectric  ions  and 
p 

the  F  atom,  the  P  ground  state  of  the  0  ion  must  be  an  inversed 
state. 

02*  According  to  theoretical  conceptions  in  [2933,  1627],  the 
oxygen  molecule  must  have  9  stable  states  (including  the  ground  state) 
which  correspond  to  the  two  lower  electron  configurations  and  possess 
an  excitation  energy  lower  than  100,000  cm”1.  The  seven  first  states 
(X3Z”,  a^-Ag,  bXZg,  e1^”,  A3Au,  B3£*,  C32u)  have  been  identified  in 
oxygen  spectra.  The  two  last  (the  d^^-  and  e1^*  state)  may,  possibly, 
be  identified  with  the  states  observed  by  Tanaka  [3930].* 

A  scheme  of  the  electronic  states  of  the  0o  molecule  witn  indi¬ 
cation  of  the  transitions  observed  in  spectra  is  shown  in  Fig. 5.  It 
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must  be  noted  that  the  majority  of  the  transitions  between  the  known 
electronic  states  of  the  02  are  forbidden  by  the  selection  rules; 
owing  to  this  fact,  the  majority  of  the  states  was  observed  only  in 
the  absorption  spectrum  of  oxygen  usir.g  thick  absorption  layers. 

The  most  accurate  values  of  the  molecular  constants  of  02  in  the 
ground  state  may  be  determined  by  an  analysis  of  the  bands  of  the 
Schumann-Runge  system  which  corresponds  to  the  C^Z“  *£  transition 
arid  which  lies  in  the  1750-4400  A  region.  The  other  band  systems  in 
the  oxygen  spectrum  have  been  obtained  mainly  by  absorption,  and  their 
analysis  allows  for  the  determination  of  the  constants  of  02  only  for 
the  first  vibrational  levels  of  the  ground  state. 

An  analysis  of  the  rotational  structure  of  a  great  number  of  bands 
of  the  Schumann-Runge  system,  obtained  in  absorption  and  emission 
spectra  by  devices  with  a  high  dispersion,  was  carried  out  in  the  pa¬ 
pers  [3150,  2635,  1234];  Lochte-Holtgreven  and  Dieke  [2635]  investi¬ 
gated  the  bands  of  this  sytem  up  to  v"  =  21.  Curry  and  Herzberg  [1234] 
on  the  basis  of  their  own  and  the  data  obtained  by  [ 3150,  2635]  de- 

■3__ 

termined  the  rotational  and  vibrational  constants  of  in  the 
state.  The  values  for  the  vibrational  constants  proposed  by  these 
authors  very  accurately  describe  the  energy  of  levels,  for  which  ex¬ 
perimental  data  are  available  (sec  Table  18),  and  these  data  are  cited 
in  the  monograph  by  Herzberg  [2020]  and  in  the  Handbook  [£49]. 

After  the  papers  by  Curry  and  Herzberg  had  been  published,  the 
bands  of  02  related  to  the  Schumann-Runge  system  have  been  investigated 
by  Feast  [1540,  1538],  Herczog  and  Wieland  [1996],  Millon  and  Herman 
[2919]  and  Lai  [2545].  A  discussion  of  these  results  showed  that,  with¬ 
in  the  error  limits  of  the  measurement,  they  are  in  accordance  with  the 
molecular  constants  of  02  recommended  by  Curry  and  Herzberg  in  the 
pacer  [1234].  Nevertheless,  the  vibrational  constants  of  02  found  by 
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Curry  and  Herzberg  approximate  with  insufficient  accuracy  the  energy 
and  number  of  vibrational  states  of  this  molecule  near  the  dissocia¬ 
tion  limit  of  the  ground  state  because,  according  to  these  constants, 
the  levels  of  the  vibrational  energy  converge  at  45,975  cm**1,  whereas 
the  dissociation  energy  of  02  is  equal  to  4l,26o  +  15  cm"'1'  (see  §26). 

a  rl 

10*.  COO  ^ 

|  0-0 


i 

I 

earn  l 


Fig. 5*  Scheme  of  the  energy  levels  of  the  Og  molecule.  The  electronic 

states  are  marked  by  bold  horizontal  lines.  The  thinner  lines  corres¬ 
pond  to  the  vibrational  levels.  The  figure  at  the  left  denotes  the 
number  of  levels  observed  in  the  given  state.  The  dotted  arrows  indi¬ 
cate  the  dissociation  limits  of  the  electronic  states.  These  limits 
are  denoted  by  dotted  horizontal  lines.  Electron  transitions,  observed 
in  the  Og  spectrum,  are  denoted  by  solid  arrows,  where  1)  is  the 

a^A.,.  —  X%"  band  system;  2)  is  the  b^Xi  —  X^2~  band  system  (atmospheric 

bands) ;  3)  is  the  c1^"  -  X^Ig  band  system;  4)  is  the  band 

system  (Broiaa-Gaydon  bands);  5)  is  the  Tanaka  band  system;  6)  is  the 
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B3Z*  —  X3Z“  band  system  (Herzberg  bands);  7)  is  the  C°Z~  —  X3Zj;  band 

system, (Schumann -Runge  bands);  8)  is  the  A3&  —  X3S~  band  system: 

a)  cm~x.  ° 


TABLE  18 

Energies  (in  cm“^)  of  the  Gn(v)  Vibrational 

u  "3  _ 

Levels  of  the  CU  Molecule  in  the  X^Ztf  state 
^  © 


a)  Gq(v)  =  1568.33V  -  11.593V2  +  0.0517v3  - 
-  0.00143V11,  vmax  =  51.  b)  vmax  =  42.  A)  Experimental 
data;  B)  calculation  on  the  basis  of  the  constants. 

In  order  to  approximate  more  accurately  the  energies  of  the  high 
vibrational  levels  of  the  ground  state,  the  authors  of  the  Handbook 
developed  a  new  equation  assuming  as  an  additional  condition  the  con¬ 
vergence  of  the  levels  near  the  dissociation  limit.  The  details  of  th* 


corresponding  calculations  are  published  in  the  paper  [173].  The  va¬ 
lues  round  for  the  constants  in  the  five-power  equation  are  quoted  in 
Table  19*  It  must  be  noted  that  the  equation  of  G(v)  with  the  new  va¬ 
lues  of  the  constants  describes  the  energies  of  the  experimentally 
observed  vibrational  levels  of  oxygen  in  no  worse  manner  than  the  equa¬ 
tion  proposed  by  Curry  and  Herzberg  (see  Table  18)  but  it  has  the  ad¬ 
vantage  that  the  levels  converge  at  4l,?6l  cm'1. 

TABLE  19 

Accepted  Values  of  the  Molecular  Constants  of  02 
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a)  X  =  1.984  cm"1,  4  =  -0.00837 

b)  o>  t  =  -8. 211*  10 "5  cm"1. 

'  e  e 

c)  X  =  5-08  cm"1,  4  =  -0.0034  cm"1. 

d)  P2  =  0.1.10"6  cm"1. 

e)  X  =  2.34  cm"1,  p  =  -0.l8  cm"1. 

f)  a>ete  =  O.OOI65  cm"1. 

g)  =  5*  1*10~6  cm"1. 

A)  State;  B)  cm"1. 


On  the  basis  of  an  analysis  of  the  rotational  structure  of  in¬ 
dividual  bands,  the  authors  of  the  papers  [3150,  2635,  1234j  deter¬ 
mined  the  B  constants  of  the  0?  molecule  in  the  X^Z"  state  correspond- 
ing  to  various  values  of  the  vibrational  quantum  number  up  to  v  =  21. 
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Using  thes-.  data  and  the  results  of  their  own  measurements,  Curry  and 
Herzberg  [1234]  calculated  the  values  of  the  rotational  constants  in 
the  Kramer's  Equation  (see  page  119)  for  the  ground  electronic  state  of 

°2* 

Babcock  and  Herzberg  [593],  in  1948,  carried  out  a  thorough  in¬ 
vestigation  of  the  fine  structure  of  seven  b'  nds  in  the  red  b^S* 

o 

4-  X^2“  system  in  the  spectrum  of  atmospheric  absorption  of  solar  ra¬ 
diation.  The  investigation  was  performed  by  devices  having  a  high  dis¬ 
persion  (up  to  0.12  A/mm),  and  it  was  possible  to  determine  the  wave 
numbers  of  the  observed  lines  with  high  accuracy;  the  interpretation 
of  the  rotational  structure;  of  the  bands  was  carried  out  according  to 
Schlapp's  formula  (see  Eqs.  (1.24)  )  for  the  rotational  energy  of 
the  molecules  in  the  ^2  state.  The  values  of  the  rotational  constants 
of  02  in  the  ground  state,  quoted  in  Table  19,  have  been  determined 
by  Babcock  and  Herzberg  [593]  on  the  basis  of  the  values  of  BQ  and  B1 
found  by  them,  and  of  the  values  of  By  obtained  in  papers  [3150,  2635, 
1234].* 

The  molecular  constants  of  0?  m  the  first  excited  a^A  state 
have  been  determined  by  L.  Herzberg  and  G.  Herzberg  [2053]  as  a  re¬ 
sult  of  an  investigation  of  the  fine  structure  of  bands  of  the  infra¬ 
red  absorption  spectrum  of  atmospheric  oxygen,  corresponding  to  the 

forbidden  a  A^  XJ2  transition.  Dus  to  the  fact,  however,  that  the 
g  g 

authors  of  paper  [2053]  observed  only  two  bands  of  this  system,  0-0 
and  1-0,  they  coud,  for  the  a  A  state,  only  determine  the  values  of 

o 

AGi/2  and  the  rotational  constants.  Since  the  values  found  for  AG^^, 

B  and  a.,  of  the  ^A  state  lie  between  the  values  of  these  constants 
el  g 

o  w  2_  4- 

for  the  X">2~  and  b  2  states  (see  Table  19),  and,  as  all  three  stater. 

correspond  to  the  same  electron  configuration  of  the  0^  molecule,  L. 

Herzberg  and  G.  Herzberg  assumed  that  the  constant  to  x  of  the  a^A^ 

e  e  C 
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state  possesses  a  value  between  the  values  of  this  constant  for  the 

o  _  -i  4. 

X32  and  b  2  states.  Assuming  co  x  =  12. 9  cm  on  the  basis  of  these 
g  g  e  e 

considerations  and  using  the  experimentally  found  value  for 

L.  Herzberg  and  G.  Herzberg  obtained  the  vibrational  constants  of  02 

in  the  a^A  state,  which  are  recommended  in  the  monograph  [2020] 

§ 

and  in  the  Handbook  [649].  These  values  may  be  considered  to  be  only 
approximate  one,  because  equations  with  two  constants  (o>e  and  u>exe) 
-'nsuf  fie  lent  ly  describe  the  energy  even  of  the  lower  vibrational  le¬ 
vels  of  the  02  molecule  in  all  electronic  stases.  The  vibrational 
levels  of  the  a^A^  state,  calculated  on  the  basis  of  these  constants, 
converge  in  the  range  of  52,000  cm-1  (v  =  58).  In  order  to  achieve 
convergence  of  the  vibrational  levels  in  the  region  of  the  dissocia¬ 
tion  limit,  the  value  of  the  constant  <0  y  was  calculated  on  the  oc- 

e  e 

casion  of  the  compilation  of  the  Handbook.  The  accepted  values  of  the 

vibrational  and  rotational  constants  of  0o  in  the  a"^  state  are 

2  g 

quoted  in  Table  19- 

The  molecular  constants  of  0o  in  the  second  excited  b1^  state 

2  g 

have  been  determined  by  Babcock  and  L.  Herzberg  [593]  on  the  basis 

1  +  _ 

of  an  analysis  of  the  b  2  ♦-  XJ2  band  system.  Individual  bands  of 

o  o 

this  system  were  observed  in  emission  by  R.  Herman  and  L.  Herman  [2002] 
and  also  by  R.  Herman  and  Weniger  [2006],  an  analysis  of  these  bands, 
however,  was  not  carried  out  in  these  investigations.  Babcock  and  L. 
Herzberg  [593]  observed  transitions  into  the  four  first  vibrational 

levels  of  the  b^*  state  and  determined  the  constants  in  the  cubic 

S 

equation  for  the  vibrational  energy (co  =  1432. 6874 j  cox  =  13*95008, 
and  coeyg  =  -0.01075  cm"1)  and  also  the  rotational  constants  quoted 
in  Table  19.  Since  the  vibraticnal  levels  ca.  ?ulated  in  the  terms  of 
the  constants  mentioned  converge  essentially  above  the  dissociation 
limit  of  the  b'1'!*  state  (at  45,400  cm”'1'  and  vjnax  -  36),  new  constants 
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were  calculated  for  this  equation  on  the  occasion  of  the  compilation 

of  the  Handbook,  which  satisfy  the  condition  of  a  convergence  of  the 

levels  near  41,200  cm'*'5'.  The  constants  found  in  this  way  are  cited  in 

Table  19*  They  also  describe  satisfactorily  the  experimental  data  for 

v*  =  0-3*  they  cause,  however,  a  convergence  of  the  levels  at  42,160 

cm-1  and  vm„v  =  36. 
max 

The  next  singlet  state  of  oxygen  is  the  c^S”  state,  observed  for 

the  first  time  by  G.  Herzberg  [2024]  during  the  investigation  of  the 

absorption  spectrum  of  oxygen  using  thick  layers  of  absorbing  gas. 

In  the  paper  [2024],  six  bands  of  the  c^X“  system  in  the  2800 

u  g 

A  region  were  found  by  means  of  a  high-dispersion  device,  which  cor¬ 
respond  to  transitions  into  the  six  subsequent  vibrational  levels  of 
the  upper  state;  an  analysis  of  the  rotational  structure  of  all  bands 
was  also  carried  out.  Herzberg  mentions  that  the  low  intensity  of 
the  lines  of  this  system  (this  is  a  forbidden  transition)  essentially 
reduced  the  accuracy  of  the  determination  of  the  constants.  Moreover, 
the  data  obtained  were  not  sufficient  to  enumerate  the  bands  uniquely. 
Herzberg  assumes  that  the  bands  observed  correspond  to  values  of  v* 
from  1  to  5,  with  the  reservation,  however,  that  the  real  values  of 
v'  may  be  higher  than  the  assumed  ones.  The  values  of  the  rotational 
constants  of  02  in  the  c  state,  which  Herzberg  found  to  be  corres¬ 
ponding  to  the  numbering  of  the  bands  assumed  in  paper  [2024],  are 
listed  in  Table  19*  Herzberg  also  determined  the  vibrational  constants 
of  the  molecule  in  this  state.  The  values  of  the  energy  of  the  vibra¬ 
tional  levels,  however,  calculated  by  means  of  these  constants,  are  in 
poor  accordance  with  experimental  data.  Thus,  the  difference  between 
the  measured  and  calculated  energy  amounts  to  26  cm”1  for  the  v*  =  6 
level.  Hence,  the  authors  of  the  present  Handbook  calculated  new  va¬ 
lues  of  the  constants  in  the  4th  power  equation;  tne  vibrational  level 
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calculated  by  means  of  these  constants  converge  about  41,300  cm- 
(at  v  =  17)  and  the  level  energy  calculated  in  the  terms  of  this  equ¬ 
ation  conforms  with  the  energy  calculated  on  the  basis  of  the  experi¬ 
mental  data  with  an  accuracy  of  1  cm**1. 

1  -  3  - 

Investigating  the  e  2U  X  2g  band  system,  Herzberg  obtained  two 
bands  which  he  ascribed  to  the  A^A  _+  X^2“  transition.  Assuming  that 

^  o 

the  diffuse  band  at  2913  A  observed  by  L.  Herman  [1997]  is  a  0-0  band 

o  o  _ 

■>f  the  AJA  «-  X'-'S  system,  Herzberg  interpreted  the  bands  found  by 

^  o 

him  as  5-0  and  6-0  bands  and  supposed  that  the  A^A^  state  and  the 

Q  _ 

XJ2g  state  possess  a  common  dissociation  limit.  On  the  basis  of  an 
analysis  of  the  rotational  structure  of  these  bands,  he  found  the 
values  B^  =  0.823  and  =  0.794  cm-'1',  and  also  AG^  =  6ll.l  cm-1. 

The  authors  of  the  present  Handbook  calculated  the  values  of  the  0^ 
constants  in  the  A^A^  state,  quoted  in  Table  19;  according  to  [2024], 
the  wave  numbers  of  the  beginning  of  the  5-0  and  6-0  bands  were  as¬ 
sumed  to  be  equal  to  38,768  and  38*157  cm-'1',  the  wave  number  at  the 
beginning  of  the  0-0  band  was  assumed  to  be  equal  to  34,319  cm  ,  and 
the  B^  and  Bg  values  found  by  Herzberg  were  used  for  the  calculation 
of  the  rotational  constants. 

■2  + 

The  next  excited  state  of  02  is  the  BJ2U  state.  It  was  observed 
for  the  first  time  by  Herzberg  [2016]  during  the  investigation  of  the 
band' system  in  the  2400-2600  A  region  in  the  absorption  spectrum, 
corresponding  to  the  forbidden  transition*  Later,  this 

**  o 

system  was  investigated  by  L.  Herman  [1997]  who  found  in  it  some  new 
bands  and  who  carried  out  an  approximate  analysis  of  their  fine  struc¬ 
ture.  The  system  was  studied  anew  by  Herzberg  [2023]  in  1952  by  means 
of  a  high-dispersion  device  and  using  a  multipass  cell  which  made  it 
possible  to  extend  the  path  of  absorption  up  to  800  m.  Herzberg  car¬ 
ried  out  a  thorough  analysis  of  the  rotational  structure  of  11  bands 
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corresponding  tc  transitions  into  11  subsequent,  rapidly  converging 

■5  4* 

levels  of  the  BJ2  state,  and  he  determined  the  values  of  the  rota¬ 
tional  constants  of  02  in  these  vibrational  states.  Assuming  that  the 

O  1 

highest  of  the  observed  levels  is  the  last  level  of  the  BJ2u  state, 
Herzberg  found  the  energy  of  the  dissociation  limit  to  be  equal  to 
41,219  +  40  cm"1.  However,  the  author  of  the  paper  [2023]  did  not  suc¬ 
ceed  in  finding  a  unique  numbering  of  the  observed  bands  owing  to  the 
low  intensity  of  the  bands  which  correspond  to  transitions  into  the 

3  + 

lower  vibrational  levels  of  the  BJZU  state.  Assuming  that  the  largest 

longwave  X  2794  A  band  is  a  0-0  band,  Herzberg  calculated  the  values 

■3  + 

of  the  constants  of  G2  in  the  B-'S^  state,  mentioning  that  these  va¬ 
lues  may  change  essentially  if  the  assumed  coordination  proves  to  be 
incorrect. 

In  1954,  Broida  and  Gaydon  [974,  975]  obtained  the  B^Z+  — 
system  in  emission  and  found  a  series  of  new  bands  which  were  suffi¬ 
ciently  described  by  the  constants  proposed  by  Herzberg,  if  the  num¬ 
bering  chosen  by  him  was  changed  by  one  unit.  This  induced  Broida 
and  Gaydon  to  come  to  the  conclusion  that  the  X  2794  A  band  is  a  1-0 
band  The  assumption  made  by  Broida  and  Gaydon  was  corroborated  by 
the  recent  investigation  of  the  spectrum  of  air  luminescence  carried 
out  by  Chamberlain  [1082,  IO83].  The  values  of  the  constants  of  02  in 
the  BJZ^  state,  quoted  in  Table  19,  were  calculated  by  the  authors  of 
the  Handbook  on  the  basis  of  the  data  given  by  G.  Herzberg,  and  the 

numbering  of  the  bands  was  adopted  from  the  paper  [974]. 

■3  _ 

The  molecular  constants  of  02  in  the  CJ2U  state  were  determined 
on  the  basis  of  an  analysis  of  the  system  of  Schumann-Runge  bands 
(see  above).  Curry  and  Herzberg  determined  the  values  of  the  vibra¬ 
tional  and  rotational  constants  of  02  in  this  state  on  the  basis  of 
an  analysis  of  the  structure  of  bands  with  the  values  v’  =  7,  carried 


out  in  the  papers  [3150,  2635] •  Knauss  and  Ballard  [2446]  obtained  in 
the  absorption  spectrum  a  series  of  new  bands  of  the  Schumann-Runge 
system  corresponding  to  the  values  v’  <  15,  and  they  succeeded  in  a 
more  accurate  determination  of  the  constants  found  in  the  paper  [ 1234] . 
Brix  and  Herzberg  [952],  in  1954,  carried  out  a  thorough  investigation 
of  the  C3X“  _  X3Z~  system  in  the  absorption  spectrum  of  oxygen  in 
order  to  define  more  accurately  the  dissociation  energy  of  02,  and 
they  performed  the  analysis  of  the  fine  structure  of  bands  with 
v*  <  21.  These  authors  have  shown  that  only  one  vibrational  level  with 

•a  _ 

v  =  22  is  still  possible  in  the  Cr2u  state,  and  they  determined  with 

high  accuracy  the  energy  of  the  dissociation  limit  of  this  state 
* 

(see  §26).  However,  the  values  of  the  vibrational  constants  and  also 
the  equilibrium  values  of  the  rotational  constants  of  02  in  the 
C3X“  state  have  not  been  determined  in  the  paper  [952].  The  values  of 
these  constants,  quoted  in  Table  19,  were  calculated  by  the  authors  of 
the  Handbook  on  the  basis  of  the  data  of  [3150,  2635,  1234,  952]. 

02.  The  spectrum  of  the  molecule  of  ionized  oxygen  consists  of 

2 

two  band  systems  referring  to  transitions  becween  two  doublet,  H  — 

2  4  4 

—  n  ,  and  two  quartet,  —  X,  states.  Intercombination  transitions 

g 

were  not  observed  in  the  02  spectrum,  the  relative  position  of  the 

doublet  and  quartet  states,  however,  may  be  determined  on  the  basis  of 

data  on  the  Rydberg  series  of  the  02  molecule  [3323]*  the  energy  of 

the  b^Z~  (ot)  _  xV  (09)  transition  [ 3941,  3939]  and  the  value  of  vhe 

ionization  potential  of  C>2  (see  page  328),  if  one  assumes  that  the 

2  + 

lower  observable  II  state  of  09  is  the  ground  state  as  well  as  for 

s  ^ 

the  case  of  the  isoelec tronic  NO  molecule. 

2  2 

The  band  system  A  n  —  X  II  lies  in  the  near  ultraviolet  region 

o 

and  is  easily  observable  in  the  emission  spectrum  of  such  sources  as 
glow  and  high-frequency  discharges.  The  analysis  of  thir  band  system 


was  carried  out  for  the  first  time  by  Ellsworth  and  Hopfield  [1479]* 
who  obtained  a  formula  for  the  wave  numbers  of  the  band  edges.  Stevens 
[3850,  3851]  obtained  four  bands  of  the  system  on  a  device  with  a 

1.32  A/mm  dispersion  and  carried  out  the  analysis  of  their  fine  struc- 

* 

ture.  On  the  basis  of  the  data  obtained,  Stevens  proved  that  these 

2  2 

ba^ds  belong  to  the  II  —  II  transition,  and  that  the  lower  state  is 
. wgular  and  similar  to  the  Hund  case  a  with  a  doublet  splitting  of 
„  195  cm"'*'.  It  must  be  taken  note  of  that  an  incorrect  numbering  of 
the  0+  bands,  proposed  earlier  by  Mulliken  [2975]  was  used  in  Stevens’ 
papers,  differing  from  the  numbering  accepted  by  Ellsworth  and  Hop- 
field.  Later  on,  the  band  series  of  0*  was  obtained  by  a  spectrograph 
with  an  1.2  A/mm  dispersion  by  Bozoky  [883]  who  carried  out  the  ana¬ 
lysis  of  their  rotational  structure  and  determined  the  rotational  con¬ 
st  amts  of  0+  in  the  and  A2n  states.  Mulliken  and  Stevens  [3004] 

*“  o  *■* 

•f 

investigated  the  02  spectrum  on  a  device  having  a  mean  dispersion  us¬ 
ing  a  discharge  tube  as  a  source,  and  observed  a  series  of  new  bands 
up  to  v”  =  14  and  v’  =  15.  Later,  Lai  [2546]  and  Feast  [1541]  still 

obtained  some  bands  of  the  A2H, ,  -  A. 

u  g 

The  vibrational  constants  of  ot  in  the  X2^  and  A2H  states, 
found  by  Ellsworth  and  Hopfield  [1479]*  being  in  good  accordance  with 
the  data  of  later  investigations,  were  accepted  in  the  Handbook  [649] 
and  by  Herzberg  [2020].  It  must  be  noted  that  the  vibrational  levels 
of  0+  in  the  x2n„  state,  calculated  on  the  basis  of  these  constants, 

2  g 

converge  in  the  52,330  cm”'1'  region,  whereas  the  dissociation  limit  of 

the  X2!!  state  lies  at  53*670  cm”'*'  higher  than  the  v  =  0  level.  Owing 
g 

to  this  fact,  the  authors  of  the  Handbook  introduced  a  second  constant 
of  anharmonicity  into  the  binomial  equation  for  the  energy  of  the  vi¬ 
brational  levels,  proposed  by  Ellsworth  and  Hopfield,  in  order  to  des¬ 
cribe  more  accurately  the  energy  of  the  02  level  near  the  dissociation 
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limit  of  the  state.  The  introduction  of  c-his  constant  changes  the  en- 

—1 

ergy  of  the  experimentally  observed  last  level  (v  =  15),  by  24  cm  , 
which  is  permissible  because  the  vibrational  constants  were  determined 
on  the  basis  of  the  band  edges;  the  vibrational  levels  of  0^,  calcu¬ 
lated  by  a  trinomial  equation,  converge  at  GQ(58)  =  53*672  cm-1,  i.e., 
near  the  dissociation  limit.  The  corresponding  values  of  the  vibra¬ 
tional  constants  of  02  in  the  X2^  state  are  quoted  in  Table  20.  The 
vibrational  constants  of  02  in  che  A  state,  found  by  Ellsworth  and 
Hopfield  [1479],  the  rotational  constants  in  the  ^II  and  A2n  states, 

o  w 

found  by  Bozoky  [883],  and  the  band  constants  found  by  Stevens  £  3351  ] 
are  here  cited  too. 


TABLE  20 

Accepted  Values  of  the  Molecular  Constants  of  0* 
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n 

c)  Aq  =  47.97.  Yq  =  43.74  cm". 

d)  p  =  0.095*10~6  cm"1. 

e)  A  =  8.2  cm"1. 

f)  a2  =  1.95*10"^  cm"1. 

g)  Estimated  on  the  basis  of  the  perturbations  in  the 
02  spectrum.  It  was  shown  in  the  paper  [2465a],  on 

the  basis  of  an  analysis  of  the  perturbations  in  the 

+  '  2  -1 
0o  spectrum,  -shat  this  II  state  must  lie  by  5700  cm 

higher  than  the  A“II  state. 

h)  e  =  0.1487,  y  =  -0.00033  cm"1. 
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i)  =  0.l85*10"6  cm-1. 

A)  Statej  B)  cm”1. 

4  4  + 

The  band  system  b  2  —  a  H  of  the  02  molecule  was  investigated  in 
a  number  of  papers.  Frerichs  [1606]  carried  out  the  analysis  of  the 
rotational  structure  of  some  bands  of  this  sytem.  Later  on,  Mulliken 
and  Stevens  [3004]  and  Bozoky  and  Schmid  [884]  obtained  a  series  ° 
new  bands  with  the  values  v1  <  4  and  v"  <  3.  Singhand  Lai  [3748]  ex¬ 
tended  the  investigations  up  to  v1  <  7  and  v"  <  5*  The  most  thorough 
analysis  of  this  system  was  carried  out  by  Ne vin  [ 3058,  3059*  506o ] 
and  Nevin  and  Murphy  [3061],  who  obtained  the  0^  spectrum  on  a  device 
with  a  concave  21-feet  grating,  determined  the  rotational  constants 
and  the  constants  of  the  quartet  splitting  of  both  states,  and  also 
calculated  the  values  of  the  vibrational  constants  on  the  basis  of 
the  band  edges. 

The  constants  found  in  these  investigations  are  adopted  by  the 
Handbook  [649]  and  the  monograph  [2020]  and  are  cited  on  Table  20. 

It  must  be  noted  that  Budo  and  Kovacz  [1007],  investigating  the 

►  4 

perturbations  in  the  a  II  state,  drew  the  conclusion  that  these  per- 

2  4 

turbations  are  caused  by  two  n  states,  one  of  which  is  an  A  n  state 
and  the  other  an  unknown  state  having  an  excitation  energy  in  the 
range  of  40,000-41,000  cm”1. 

0^*  A  great  number  of  investigations  of  the  infrared  ozone  spec¬ 
trum,  having  three  intense  bands  at  4.75;  9*57  and  14.2  microns 
[2103,  1045  and  704  cm-1)  and  weak  bands  at  3»28;  3. 57  and  5*75  mi¬ 
crons  (3049,  2801  and  1739  cm”1),  is  well  known.  An  analysis  of  the 
infrared  spectra  of  0^,  obtained  up  to  1945*  is  given  in  the  papers  by 
Adel  and  Dennison  [491],  Simpson  [37^-1]  and  in  the  monograpy  by  Herz- 
berg  [152].  Later  on,  the  infrared  spectrum  of  0^  was  investigated  in 

papers  [4295,  2910,  3064]  and  in  others,  whose  results  are  discussed 

below.  Attempts  to  obtain  the  Raman  spectrum  of  0^  were  not,  crowned 

with  success  up  to  the  end  of  i960.  Thus,  in  spite  of  the  numerous 

investigations  of  the  infrared  spectrum  of  0^,  one  succeeded  only 

recently  in  correlating  the  fundamentaJ.  frequencies  of  this  molecule 

and  to  determine  the  accurate  values  of  its  structural  parameters. 
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The  study  of  the  rotational  and  vibrational-rotational  spectra 
and  also  the  results  of  the  electron-diffraction  investigations  led 
to  the  conclusion  that  the  0^  molecules  possesses  the  structure  of  an 
isosceles  triangle  and  belongs  to  the  C2y  point  group  of  symmetry. 
However,  the  difficulties  in  the  interpretation  of  the  infrared  spec¬ 
tra  for  a  long  time  hampered  the  determination  of  the  true  values  of 
the  structural  parameters,  and  two  models  of  the  0^  molecule  have  been 
discussed  in  literature;  the  "acute"  and  the  "obtuse"  model,  depend¬ 
ing  on  the  value  of  the  angle  between  the  bands. 

A  correct  interpretation  of  the  infrared  ozone  spectrum  was  for 
the  first  time  given  in  1948  in  the  paper  by  Wilson  and  Badger  [4295] 
who  investigated  the  c^oue  cteetrum  in  the  6700-670  cm”1  (1.5-15  mi¬ 
crons)  region  and  who  found  a  new  band  in  the  1110  cm-1  region  closely 
adjoining  the  9.57  microns  band.  Wilson  and  Badger  succeeded  in  the 
partial  resolution  of  the  rotational  structure  of  the  band,  which,  a. 
well  as  the  14.2  microns  band,  does  not  possess  a  Q  branch,  and  has 
an  intensity  similar  to  that  of  the  latter.  On  the basis  of  the  data 
obtained,  they  came  to  the  conclusion  that  the  intensity  of  the  9.57 
microns  or  1043  cm”1  band  corresponds  to  the  antisymmetries!  vibra¬ 
tion  Vy  and  that  bo+h  the  other  frequencies,  and  v^,  are  equal  to 
1110  and  705  cm”1. 

In  recent  years,  a  number  of  ozone  bands  was  investigated  by  de¬ 
vices  with  high  dispersion  [2910,  306-  ,  2323>  4108].  The  frequencies 
of  the  beginning  of  the  v2  and  bands,  quoted  in  Table  21,  have 
been  accurately  determined  in  papers  by  Newsen  [3064]  and  Kaplan, 
Kigeotte  and  Neven  [2323].  Up  to  now,  one  has  not  succeeded  accurately 
to  determine  the  position  of  the  beginning  of  the  band.  In  paper 
[4108]  it  is  mentioned  that  it  swave  number  is  smaller  than  1114  cm”". 
The  value  found  in  the  paper  by  Wilson  and  Badger  [4295]*is  accepted 
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for  the  frequency  in  Table  21.  On  the  basis  of  new  . pectral  data, 
Wilson  and  Badger  showed  that  the  zone  molecule  must  have  an  "obtuse" 
structure.  This  conclusion  was  proved  by  numerous  investigations  of 
the  microwave  spectrum  of  ozone,  published  in  recent  years  [4012,  4310 
1798,  2146,  3247,  2145] .  In  the  papers  mentioned,  the  spectra  of  four 
isotopic  modifications  of  the  ozone  molecule  have  been  investigated, 
which  correspond  with  transitions  at  a  number  of  J  values  up  to  J  =  50. 
On  the  basis  of  the  data  obtained,  it  was  possible  to  determine  the 
structural  parameters  of  the  0^  molecule  with  high  accuracy:  rQ_0  = 

=  1.278  +  0.002  A,  *nd/0-0-0  =  ll6°45‘  +  30  .  It  must  be  men¬ 
tioned  th?t  it  is  reported  in  paper  [2146]  that  a  new  electron  dif¬ 
fraction  study  of  the  structure  of  the  ozone  molecule,  carried  out 
by  Jones,  Hedberg  and  Schomaker  [2304]  resulted  in  almost  the  same  va¬ 
lue  for  the  structural  par,rteters.  The  most  accurate  values  for  she 
rotational  constants  of  0^  nave  been  calculated  by  Pierse  [3247],  who 
processed  the  experiments i  data  obtained  by  Trambarulo  [4C12],  Hughes 
[2146,  2145]  and  others,  r*\‘i£  values  found  by  Pierse  and  converted  in¬ 
to  inverse  centrimeters  are  given  in  Table  21.* 


TABLE  21 

Accepted  Values  of  the  Mr iecular  Constants  of  0^ 
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Ozone  possesses  a  number  o"  absorption  regions  in  the  visible  and 
ultraviolet  spectral  region,  which,  to  all  appearances,  are  related  tc 
transitions  between  the  electronic  states  of  this  molecule.  In  suit,1  - 
the  numerous  investigations  cf  these  spectre,  it  was  not  possible 
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to  now  to  interpret  them,  although  some  attempts  have  been  made  to 
carry  out  the  corresponding  analysis  (see  [ 975,  4140]).  On  the  basis 
of  the  data  available  in  literature,  only  the  assumption  may  be  made 
that  the  ozone  molecule  must  possess  at  least  one  excited  electronic 
state  with  an  excitation  energy  of  the  order  of  10,000-15,000  cm-1. 
§25.  THERMODYNAMIC  FUNCTIONS  OF  GASES 

The  thermodynamic  functions  of  the  substances  dealt  witn  in  the 
present  chapter  are  calculated  without  allowing  for  the  intramolecu¬ 
lar  interaction  on  the  basis  cf  the  constants  accepted  in  the  fore¬ 
going  section,  and  are  quoted  in  the  Tables  1-6  of  the  Ilnd  volume 
of  the  Handbook.  The  calculations  for  four  gases  (0,  0+,  02  and  0^) 
are  carried  out  up  to  20,000°K,  those  for  the  two  others  (0~  and  0^), 
up  to  6000°K.  The  differences  of  the  constants  of  the  individual  iso¬ 
topic  modifications  of  the  gas  molecules  have  not  been  taken  into  ac- 

17  18 

count  owing  to  the  low  content  of  the  0  and  0  isotopes  in  the 
natural  mixture . 

0.  The  thermodynamic  functions  of  the  monatomic  oxygen,  quoted 
in  Table  1(11)  *re  calculated  for  the  293*15-20, 000°K  temperature 
range.  The  translational  components  are  calculati  by  Eqs.  (II. S) 
and  (II. 9),  assuming  A^  =  0. 98124  and  Ag  =  5.94244  cal/g-atom* degree, 
the  electronic  components  are  calculated  by  Eqs.  (11.20)  and  (11.21) 
on  the  basi  of  the  values  quoted  in  Table  l6.  The  sum  over  the  elec¬ 
tronic  states,  and  its  derivative  with  respect  to  temperature  are  cal¬ 
culated  on  a  high-speed  electronic  computer  by  immediate  summation 
over  the  energy  levels.  The  calculation  is  carried  out,  allowing  for  a 
finite  number  of  spates  of  the  oxygen  atom  in  accordance  with  the  me¬ 
thod  expounded  in  §6  (see  page  333,  Eq.(II.l8)).  In  order  to  simplify 
the  calculation,  all  energy  levels  with  values  of  the  princip  •.!  cuan- 
timi  number  n  <  11  are  taken  into  account  at  temperatures  below  800G°K. 
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Owing  to  the  high  excitation  energies  of  all  electronic  states  of  the 
oxygen  atom  with  n  >  7,  the  error  caused  by  this  simplification  is 

negligible,  and  its  maximum  value  does  not  exceed  0.0003  cal/g-atom* 

* 

•degree  in  tie  values  of  Energy  levels  with  n  <  n  are  taken  in- 
to  account  in  the  calculations  for  temperatures  higher  than  13,600°K 
(nmax  ^ncreases  steadily  when  the  temperature  rises  from  13,600 
to  20,000°K,  see  pagel35). 

The  inaccuracy  of  the  values  of  the  thermodynamic  functions  of 

the  atomic  oxygen  at  temperatures  below  10, 000°K,  calculated  in  that 

way,  is  caused  mainly  by  the  inaccuracy  of  the  physical  constants  and 

does  not  exceed  0.002-0.003  cal/g-atom* degree.  At  higher  temperatures, 

the  errors  become  essential,  which  are  caused  by  the  approximate  em- 

thod  of  determination  of  the  maximum  value  of  the  principal  quantum 

number.  An  error  of  +1  (at  n  =  13 )  in  this  value  results  in  errors  of 

.  * 

the  Order  of  0.01  and  0.1  cal/g-atom* degree  in  the  values  of  Q00 

* 

and  $2Q  000,  respectively.  It  must  be  noted  that  the  inaccuracies  In 
the  values  of  the  thermodynamic  functions  caused  by  an  Inaccurate  es¬ 
timation  of  the  energy  of  individual  levels  is  lower  by  one  order  of 
magnitude  than  these  values. 

The  thermodynamic  functions  of  atomic  oxygen  have  been  calcula¬ 
ted  in  a  number  of  papers,  from  which  the  calcula-f  ion  by  Huff,  Gordon 
and  Morrell  [2142]  (up  to  6000°K),  by  the  Bureau  of  Standard  of  the 
U.S.  [3680]  (up  to  5000°K)  and  by  Kolsky  and  coauthors  [2462]  (up  to 
80U0°K)  carried  out  in  recent  years,  are  worth  mentioning.  The  results 
of  all  calculations  conform  to  each  other  and  to  the  data  quoted  in 
the  present  Handbook  with  an  accuracy  which  is  determined  by  the  dif¬ 
ference  of  the  physical  constants. 

The  thermodynamic  functions  of  the  monatomic  oxygen  up  to  20,00G°K 
have  been  calculated  on  the  occasion  of  the  calculation  of  the  thermo- 
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dynamic  functions  of  the  air  by  Predvoditelev  and  coworkers  [335]* 

Owing  to  the  fact  that  electronic  states  of  the  0  atom,  not  observed 
experimentally,  have  not  been  taken  into  account  in  these  calculations, 
the  values  of  S£,  quoted  in  paper  [335]  and  at  T  >  12,000°K  essential¬ 
ly  lower  than  those  calculated  in  the  Handbook.  The  corresponding  dif¬ 
ference  amount  to  almost  4  cal/g-atom* degree  at  20,000°K. 

0+.  The  thermodynamic  functions  of  the  positive  monatomic  oxygen 
ion,  quoted  in  Table  2(11),  are  calculated  for  the  293* 15-20, 000°K 
temperature  range.  The  calculation  of  the  translational  components  is 
carried  out  by  the  same  formulas  as  are  used  for  the  monatomic  oxygen, 
and  the  calculation  of  the  electronic  components  is  carried  out  by 
Eqs. (11.20)  and  (11.21)  on  the  basis  of  the  values  quoted  in  Table  17. 
The  sum  on  the  electronic  states  and  its  derivative  with  respect  to 
the  temperature  is  obtained  by  .Immediate  summation  over  the  energy 
levels. 

The  inaccuracy  of  the  thermodynamic  functions  of  the  positivt 
monatomic  oxygen  ion  is  a  sum  of  the  errors  caused  by  the  inaccuracy 
of  the  assumed  values  of  the  physical  constants  and  neglection  of  t’ 
electronic  states  of  the  0+  ion  with  excitation  energies  higher  than 
100,000  cm-1.  These  errors  do  not  exceed  0.005  cal/g-atom* degree  in 

*  o 

the  values  of  at  temperatures  up  to  20, OOu  K.  The  thermodynamic 
functions  of  0+  have  been  calculated  in  papers  [335]  (S£,  E£,  and 
C"  tp  to  20,00u°K),  and  [l85a]  ($*  up  to  50, 000°K);  the  results  of 
both  calculations  are  in  conformity  with  the  data  of  Table  2(11)  with¬ 
in  a  range  of  0.02  cal/g-atom* degree.  Other  calculations  of  tables  of 
thermodynamic  functions  of  0+  are  unknown  in  literature. 

0“.  The  thermodynamic  functions  of  the  negative  monatomic  oxygen 
ion,  quoted  in  Table  3(H),  are  calculated  for  the  293*15-6000°K  tem¬ 
perature  range.  The  calculation  of  the  translational  components  was 


carried  out  by  the  same  formulas  as  in  the  case  of  monatomic  oxygen, 
the  splitting  of  the  components  of  the  ground  state  of  the  0“  ion 
has  been  taken  into  account  in  calculating  the  electronic  components. 
Tt  was  assumed  that  the  0”  ion  does  not  possess  excited  electronic 
states  (see  page  298). 

The  inaccuracy  of  the  values  of  thermodynamic  functions  of  the 

negative  monatomic  oxygen  ion  calculated  in  this  way  is  caused  mainly 

by  the  inaccurately  estimated  value  of  the  splitting  of  the  2Py2  and 
2 

Pl/2  Sr°un<i“sta'fce  components  of  0  .  Since  the  inaccuracy  of  the  as¬ 
sumed  value  amounts  to  about  20-50  cm”1,  the  inaccuracies  of  the  cal- 

it  *  a- 

culated  $298  15*  ^3000  311(1  ®60Q0  values  lie  i*1  the  range  of  0.1,  0.03 
and  0.01  cal/g-atom* degree,  respectively.  Other  calculations  of  the 
thermodynamic  functions  of  the  0“  ion  are  unknown  in  literature. 

02.  The  thermodynamic  functions  of  the  diatomic  oxygen,  quoted 
in  Table  4(11),  are  calculated  for  the  293*15-20, 000°K  tenperature 
range.  Eqs.(II.S)  and  (II. 9),  assuming  A^  =  3.04744  and  Ag  =  8.01564 
cal/mole* degree,  were  used  for  the  calculation  of  the  translational 
components,  and  Eqs.  (II.I31)  and  (11.132)  and  the  constants  quoted 
in  Table  19*  for  the  intramolecular  compounds.  The  partition  functions 

of  the  vibrational  and  rotational  levels  of  the  a^A  ,  b^4", 

g  g  g 

c^E”,  A^A  ,  B^Z4”  and  C^Z~  states  and  their  derivatives  with  respect 
g  u  u  u 

to  Temperature  have  been  calculated  by  immediate  summation  on  a  high- 
-speed  electronic  computer.  The  energy  values  of  each  vibrational  and 
rotational  level  of  these  states,  put  in  for  the  calculation,  are  ob¬ 
tained-  by  means  of  equations,  being  functions  of  the  corresponding 
quantum  numbers,  and  by  the  constants  quoted  in  Table  19.  The  maximum 
values  of  the  quantum  number  v  and  J  are  shown  in  Pig. 6.  Calculating 
the  partition  functions  of  the  vibrational-rotational  levels  of  the 
XJ7.  ,  BJ2,,  and  CJ2„  states,  the  summation  of  the  F-,,  F.,  and  F.,  com- 

g  U  ti  X  c.  Ji 
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ponents  over  the  energy  levels  was  carried  out  separately;  the  energy 
of  the  rotational  levels  was  calculated  by  the  Schlapp  formulas  (see 
page  79). 


1=,-- 


Fig. 6.  J  as  a  function  of  v 

IliclX  *2 

for  the  electronic  states  X-*2“, 
a2A  b1^*,  a\.  B3xt,  cV  and 

^  o  o  *-*  ^  ^ 

CaT  of  the  02  molecule. 

The  accuracy  of  the  thermodynamic  functions  of  diatomic  oxygen 
at  temperatures  up  to  30C0-5000°K,  calculated  by  this  way,  depends 
the  accuracy  of  the  physical  constants,  and  the  inaccuracy  in  the 
and  values  does  not  exceed  0.005  cal/mole* degree.  At  higher 
temperatures,  the  lack  of  sufficiently  reliable  data  on  the  vibration¬ 
al  and  rotational  energy  of  the  0p  molecule  in  the  a1  A  state  (see  page 
303)  and,  further,  in  the  subsequent  electronic  states  of  this  mole¬ 
cule  begins  to  affect  the  results.  A  comparison  of  the  results  of  cal¬ 
culation  carried  out,  allowing  for  the  possible  inaccuracy  of  the  mol- 

■3  _  1  3  3  . 

ocular  constants  of  0o  in  the  XJ>'  ,  a  A  ,  A  A  and  B  2  states,  lean.; 

2  g  g  u  u 

to  the  eonclusic  that  the  error  does  not  exceed  +0.03  cal/mole ‘degree 

*  * 

in  the  value  and  +0.15  cal/mole  ‘degree  in  the  <J>2Q  ^()  value. 

The  molecular  constants,  quoted  in  Table  19  and  used  in  the  cal- 
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culation,  correspond  to  the  02  molecule.  Owing  to  the  low  content  of 
the  other  isotopic  modifications  of  the  02  molecule  in  the  natural  is¬ 
otopic  oxygen  mixture,  the  errors  caused  by  this  simplification  do  not 
exceed  0.001-0.002  cal/mole* degree. 

A  number  of  calculations  of  the  thermodynamic  functions  of  mo¬ 
lecular  oxygen  including  those  for  high  temperatures  is  well  known  in 
literature.  A  bibliography  of  the  corresponding  papers  published  up 
to  1940,  is  given  in  the  review  by  Wilson  [4291].  Among  these  calcu¬ 
lations,  the  papers  by  Johnston  and  Walker  [2282,  2283,  2284] 

(T  <  5000°),  in  which  the  thermodynamic  functions  of  02  have  been  cal¬ 
culated  by  immediate  summation  over  the  levels  of  the  vibrational 
energy,  rsing  the  formulas  by  Kramers  for  the  rotational  energy  of  the 
02  molecule  in  triplet  states,  may  be  mentioned.  The  data  obtained  by 
Johnston  and  Walker  have  been  converted  to  the  recent  values  of  the 
universal  constants  in  the  paper  by  Warraan  et  al.[4l22]  and  are  cited 
in  a  number  of  reference  books.  The  most  accurate  calculation  of  the 
thermodynamic  functions  of  diatomic  oxygen  have  been  carried  out  by 
Woolley  [4324]  for  temperatures  up  to  5000°K  by  immediate  summation 
over  the  levels  of  the  vibrational  energy  on  the  basis  of  molecular 
constants  similar  to  those  accepted  in  the  present  Handbook.  The  di¬ 
vergences  between  the  values  of  the  functions  quoted  in  Table  4(11) 
and  the  calculation  results  obtained  by  Woolley  do  not  exceed  0.005 
cal/mole ^degree.  An  approximate  extrapolation  of  the  thermodynamic 
functions  of  02  for  temperatures  of  from  6000  to  12,000°K  was  carried 
out  in  the  paper  [1556].  The  authors  of  this  paper  performed  the  cal¬ 
culation  by  means  of  the  Mayer  and  Goeppart-Mayer  method  and  extrapo¬ 
lated  the  differences  obtained  up  to  12,000°K,  after  having  compared 
the  calculation  results  up  to  5000°K  with  the  values  recommended  by 
the  Bureau  of  Standards  of  The  U.  S.  [3680].  The  values  obtained  In 
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this  way  contain  significant  errors.  In  particular,  the  S“2  0Q0 
lue  differs  from  the  value  quoted  in  Table  ^(11)  by  0.6  cal/mole*de- 
gree.  Predvoditelev  et  al.[336]  calculated  some  thermodynamic  func¬ 
tions  of  a  number  of  air  components,  including  0^,  up  to  20,0G0°K. 

'■The  calculation  was  performed  by  immed.  ate  summation  over  the  electro¬ 
nic  and  vibrational  states.  In  the  sum  over  the  rotational  states,  the 
summation  was  substituted  by  integration,  taking  into  account  the  up¬ 
per  limit  of  the  change  of  the  quantum  number  J.  The  values  of  Jmax 
have  been  calculated  by  a  method  similar  to  that  stated  above  (see 
page  74),  but  differing  from  the  latter  by  the  fact  that  in  the  equa¬ 
tion  of  the  effective  potential  curve  the  term  proportional  to 
J  (J  +  1)  was  not  taken  into  account.  The  calculated  S°  values  differ 
from  those  quoted  in  Table  4(11)  by  not  more  than  0.15  cal/mole • degree 
In  the  paper  by  Beckett  and  Haar  [714],  the  thermodynamic  func¬ 
tions  of  were  calculated  for  various  degrees  of  temperatures  up 
tc  25,000°K.  In  order  to  avoid  the  difficulties  caused  by  the  diver¬ 
gence  of  the  series  when  using  approximate  calculation  methods  ^ i  high 
temperatures,  the  authors  of  the  paper  [714]  used  a  method  fundament  , 
ly  differing  from  the  traditional  methods  to  calculate  the  thermody¬ 
namic  gas  functions,  which  are  expounded  in  Chapter  II  and  operate 
with  the  quantum-mechanical  sum  over  the  states.  In  the  method  used 
by  them,  the  gas  molecules  were  considered  to  be  groups  consisting  of 
atoms  bound  to  each  other  by  interaction  forces.  Using  the  classic  ex¬ 
pression  for  the  sum  over  the  states  (see  [285],  Ea.(6  .12))  and  trans 
forming  It  into  an  equation  connected  with  virial  coefficients,  the 
authors  of  the  paper  [714]  obtained  for  yr  of  diatomic  molecules 

an  expression  containing  group  integrals.  The  calculation  of  the  group 
integrals  was  carried  out  in  paper  [714]  by  an  electronic  computer, 
the  energy  of  the  interaction  of  the  atoms  was  approximated  by  a  Morse 
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function.  The  values  of  the  thermodynamic  functions  of  Og,  calculated 
in  this  way,  differ  essentially  from  the  values  quoted  in  Table  4(11), 
and  the  difference  increases  rapidly  at  rising  temperature.  These  di- 
vergences  amount  to  0.19  and  1.8  cal/mole* degree  for  and  to  0.7 
and  3*8  cal/mole ‘degree  for  S£  at  10,000  and  20,000°K,  respectively. 
The  application  of  the  Morse  function  for  the  potential  energies  of 
gas  molecules  and  of  an  approximate  method  of  taking  into  account  the 
excited  electronic  states  apparently  causes  the  insufficient  accuracy 
of  the  calculation  of  the  authors  of  paper  [714]. 

0g.  The  thermodynamic  functions  of  the  positively  charged  ionized 
diatomic  oxygen,  quoted  in  Table  5 (II)*  have  been  calculated  for  the 
293*15-20, 000 °K  temperature  range.  The  calculation  of  the  translation¬ 
al  components  was  performed  by  means  of  the  same  formulas  which  are 
used  for  the  calculation  of  the  translational  components  of  the  func¬ 
tions  of  02,  the  intramo_ecular  compounds  were  calculated  by  Eqs. 
(11.28)  and  (11.29),  using  the  constants  quoted  in  fable  20. 

The  partition  function  of  the  vibrational  and  rotational  energy 
levels  of  the  state  of  ot  and  its  derivative  with  respect  to  the 

g  2 

temperature  have  been  calculated  by  immediate  summation  on  a  high¬ 
speed  electronic  computer.  The  values  of  the  energies  of  the  indivi¬ 
dual  levels,  put  in  for  the  calculation,  are  obtained  by  means  of 
equations  which  are  functions  of  the  corresponding  quantum  numbers, 
using  the  constants  quoted  in  Table  20.  The  maximum  values  of  the  qu¬ 
antum  numbers  j_  and  J  are  given  in  Fig. 4.  When  calculating  the  sum 

over  the  states  and  its  derivative,  the  summation  over  th~  energy  le- 

2  2 

vels  of  the  H^yg  and  n^g  sub states  was  performed  separately. 

4  2  4  + 

The  components  of  the  a  II-,  A  II-  and  b  2-  states  of  0o  in  the  ex- 
pressions  for  and  have  been  calculated  by  Eqs.  (11.126)  and 
(11.127),  i.e.,  taking  into  account  the  difference  of  the  constants  of 
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the  Op  molecule  in  these  and  in  the  X2  n  -  state sj  the  components  of 

o 

2  + 
the  B  n-  states,  for  which  the  constants  of  02  are  unknown,  have  been 

calculated  by  Eqs. (II.120)-(II. 121) .  The  approximate  method  of  taking 

into  account  the  excited  states  of  ot>  may  cause  essential  errors  in 

the  values  of  the  thermodynamic  functions  only  at  temperatures  higher 

than  10, 000-15, 000°K.  The  inaccuracy  of  the  calculated  thermodynamic 

functions  of  0*  at  temperatures  up  to  8000-10, 000°K  does  not  exceed 

0.005-0.01  cal/roole» degree. 

The  thermodynamic  f mctions  of  0^  have  been  calculated  in  papers 
[336]  (SJ  up  to  20, 000°K)  and  [714]  (<&*  and  Sj  up  to  25,000°K).  The 
difference  between  the  values  quoted  in  Table  5 (IX)  and  the  values  ob¬ 
tained  in  these  papers  increases  with  rising  temperature.  At  20,000°K 
the  S£  value  cited  in  Table  5(H)  exceeds  the  value  calculated  in  the 
paper  [336]  by  1.6  cal/mole ‘degree  and  is  by  1  cal/mole • degree  lower 
than  the  value  found  in  paper  [ 714] . 

0^.  The  thermodynamic  functions  of  ozone  quoted  in  Table  6(11) 
have  been  calculated  in  the  harmonic  oscillator -rigid  rotator  ap¬ 
proximation  for  the  temper ature  range  of  from  293. 15  to  6000°K,  us in 
the  constants  quoted  in  Table  21.  The  values  of  and  CjL  in  Eqs. 
(11.243)  and  (11.244),  serving  for  the  calculation  of  the  translation¬ 
al-rotational  components  of  the  thermodynamic  functions  of  0^,  are 
given  in  Table  22.  In  the  same  table,  the  values  of  are  cited  which 
were  used  for  calculating  the  vibrational  components. 

The  ozone  molecules  obviously  possesses  electronic  states  with  low 
excitation  energies  (see  Page  314).  The  lack  of  data  necessary  for 
taking  into  account  these  states  and  also  for  allowing  for  the  anhar- 
monicity  of  the  vibration,  the  interaction  between  rotation  and  vi¬ 
brations  and  the  centrifugal  stress  of  the  0^  molecule  causes  high 
errors  In  the  calculated  thermodynamic  functions  of  ozone.  The  errors 
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in  the  values  of  $298  15  and  ^3000  amount  to  about  0.03  and  0.7  cal/ 
/mole 'degree,  respectively.  The  calculations  of  the  thermodynamic  func¬ 
tions  of  ozone,  performed  up  to  1950,  are  based  on  incorrect  values  of 
the  oscillation  frequencies  and  moments  of  inertia.  After  the  values 
of  the  molecular  constants  have  been  determined  more  accurately,  the 
thermodynamic  functions  of  ozone  have  been  calculated  in  the  Bureau  of 
Sttndards  of  the  U.S.  [3680]  (up  to  1500°K)  and  by  Cleveland  and  Klein 
[1129,  24-30]  (up  to  1000°X).  The  results  of  the  calculations  mentioned 
are  in  conformity  with  the  values  of  the  functions  quoted  ir  Tabj.e 
6(11)  within  a  range  of  +0.02  cal/mole* degree. 

TABLE  22 

Values  of  the  Constants  for  the  Calcula¬ 
tion  of  the  Thermodynamic  Functions  of  0^ 


Ot 

0. 

Gi 

c* 

C*  1 

|  A  zpad 

^  KOA/MQJLftpad  | 

1597,06 

1009,20 

1499,36 

3,3991 

11,3482 

A)  Degree;  B)  cal/mole* degree. 


§26.  THERMOCHEMICAL  QUANTITIES 

0^  (gas)  is  the  standard  state  of  elementary  oxygen. 

0  (gas).  According  to  the  assumed  value  of  DQ(02)  (see  below), 
the  heat  of  formation  of  monatomic  oxygen  is  equal  to 

Afi°fQ(Oi  0*s.)  =  58,987 0,025  kcal/g-atom. 

+ 

0  (gas).  The  value  of  the  ionization  potential  of  the  oxygen 
atom  was  assumed  according  to  Moore's  recommendation  [29*11]  (see  page 
295)  as 

1(0)  —  314,052  kcal/g-atom. 

The  inaccuracy  of  this  value  amounts  to  +1  cal/g-atom.  According  to 
the  assumed  ionization  potential,  we  have 
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A//°/0(O+,  »•)  =  373,039  +  0,025 kc-oJ./ 

0~  (gas).  In  literature  published  up  to  1948,  values  of  from 
-46  +  9  kcal/g-atom  [1946]  up  to  -70.8  +  2  kcal/g-atom  [4106]  have 
been  obtained  foe  the  quantity  of  the  electron  affinity  A(0)  of  the 
oxygen.  The  results  of  these  investigations  have  been  discussed  in 
the  papers  by  Metlay  and  Kimball  [2861]  who  also  carried  out  their 
own  measurements.  For  the  A(0)  quantity  they  recommended  the  value 
-53.8  +0.8  kcal/g-atom.*  The  same  value  is  recommended  in  Pritchard's 
review  [3330]. 

Branscomb  and  "Smith  [902]  in  1955,  carried  out  the  first  direct 
determination  of  the  quantity  A(0)  by  measuring  the  photodissociation 
threshold  of  the  0”  ion,  and  obtained  an  essentially  lower  value, 
equal  to  -1.45  +0.15  ev  or  -33*^  +  4  kcal/g-atom.  Later,  in  the 
paper  by  Branscomb  and  coworkers  [901],  the  wavelength  of  the  emission 
corresponding  to  the  photodissociation  threshold  of  the  0~  ion  was  de¬ 
termined  more  accurately  and  being  found  equal  to  8460  +  30  A,  which 
gives  a  value  o.’  the  electron  affinity  of  the  oxygen  atom  equal  to 
-33.80  +  0.12  kcal/g-atom. 

Owing  to  the  fact  that  in  the  investigations  carried  out  by  the 
method  of  electronic  impact,  significantly  higher  values  have  been  ob¬ 
tained  for  the  A(0)  quantity j  Hagstrum  [1930]  carried  out  an  analysis 
of  these  papers  and,  based  on  a  new  interpre+ation  of  the  experimental 
data,  drew  the  conclusion  that  they  coni  rm  with  the  results  of  mea¬ 
surements  by  the  method  of  photo-ionization.  The  corresponding  values 
calculated  on  the  basis  of  the  most  reliable  data  by  Clarke  [1125] 
and  Lagergren  [2517]  are  equal  to  -32.7  ±11  kcal/g-atom  and  33*9  ± 
+1.1  kcal/g-atom,  respectively.  It  must  be  noted  that  the  new  inter¬ 
pretation  of  the  results  of  investigation  of  the  A(0)  quantity  by  the 
method  of  electronic  impact  made  it  possible  to  obtain  values  for  the 
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dissociation  energy  of  CO,  and  the  sublimation  heat  of  carbon,  which  is 
1’  conformity  with  these,  obtained  by  other  me*  -  ods  and  have  been  ac¬ 
cepted  in  the  present  Handbook,  Recently,  the  me *s;irements  of  the  A(0) 
quantity  by  means  of  the  method  of  electronic  impact  have  been  repeated 
byTozer  [4011a]  who  obtained  the  value  of  -35*05  +  2.3  keal/g-atom. 
According  to  the  data  of  [901],  the  value 

Jt(0)  =  —  33,80+0,12  k«al/<?nttt.*i, 

is  accepted  in  the  Handbook  for  the  electron  affinity  of  the  oxygen 
atom,  and  the  expression 

A//*/, (0“,  ***)  =  25,187  +  0.12 keal/g-atom. 

corresponds  to  this  value. 

On  the  basis  of  an  earlier  paper  by  Smith  and  Branscomb  [3795], 
the  value  -34.1  +2.3  keal/g-atom  of  the  A(0)  quantity  has  been  ac¬ 
cepted  ih  the  review  by  Buchel'nikova  [116].* 

°2  <s“)-  several  years' the  Talue  of  4l'000  c»'1. calcu- 

lated  by  Herzberg  [151]  and  Gaydon  [l4l]  on  the  basis  of  the  extrapo¬ 
lation  of  the  bands  of  the  Schumann, Runge  series  has  been  assumed  in 
literature.  In  1952,  however,  Herzberg  [2023]  found  (see  page  312) 

Q  4- 

that  the  last  vibrational  level  of  the  BJ^u  state  having  a  common  dis- 

•j  _ 

sociation  limit  with  the  ground  state,  possesses  an  energy  of 

4l,  157  cm-'1',  and,  therefore,  the  value  of  the  dissociation  energy, 
assumed  earlier,  is  underestimated.  On  the  basis  of  an  analysis  ol’  the 

~i  +  _ 

rotational  struc  fcure  of  the  11-0  band  of  the  B-  2  «-  system  and 

**  o 

extrapolation  of  the  observed  vibrational  levels  of  xhe  B^zJ  state, 
Herzberg  came  to  the  conclusion  that  the  dissociation  energy  of  .oxygen 
is  equal  to  41,219  +  40  cm-'1'. 

Later,  Brix  and  (952 }  determined  a  number  of  new  bands  in  the 

Schumann-Runge  system,  which  fact  proved  the  inaccuracy  of  the  value 
of  41,000  cm-1,  assumed  earlier.  A  short  extrapolation  (to  13  cm-1)  of 
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3  _ 

the  vibrational  levels  of  the  C  state  enabled  the  authors  signi¬ 
ficantly  to  increase  the  accuracy  of  the  determination  of  the  dissoci¬ 
ation  limit  of  this  state  which  they  have  found  to  be  equal  to 
57,127  +  5  cm"1;  a  value  of  DQ(02)  =  57,  127  -  15,66?  =  41,260  +  5 
cm"1  corresponds  to  this  fact.  On  the  basis  of  a  new  analysis  of  the 
data  obtained  by  Herzberg  [2023]  during  the  investigation  of  the  bands 

of  the  B3Z*  -  X32T  system,  and  on  the  basis  of  the  value  of  S0(02) 

3  _ 

found  from  the  dissociation  limit  of  the  C~ZU  state,  Brix  and  Herz¬ 
berg  recommend  the  value 

D„(00  —  41 260 ±  IS  CM'1  —  117,973  +  0,050  kcal/mole, 

which  is  accepted  in  the  present  Handbook.  -  - 

02  (gas).  The  ionization  potential  of  the  molecular  oxygen  has 
recently  been  investigated  by  the  photoionization  method  in  papers 
by  Inn  [2175]  and  Watanabe  and  Marmo  [4177].  The  photoionization  li¬ 
mit  of  the  02  molecules  was  found  to  be  equal  to  1029  and  1030.8  A, 

respectively,  in  these  papers.  Taking  into  account  the  distribution  of 

3  - 

the  oxygen  molecules  on  the  energy  levels  of  the  X  Z  state,  and  - 

s  - 

studying  the  yield  of  photoionization  as  a  function  of  the  wavelength, 
Watanabe  and  Marmo  asstime  for  the  0-0  transitions  X2n_(0p)  X3Z"(0  ) 

D  ^  o  C 

X  -  1026.5  +  0.01  A,  to  which  corresponds  an  I(02)  value  equal  to 
97,418  +  10  cm"1,  or 

/(0,)=  12,077  ±  0,001  38  =  278,545  ±0,03  teail/nt,?.-. 

This  va3ue  has  been  accepted  in  the  present  Handbook.  Almost  the 
same  value  (12,075  ev)  is  recommended  in  the  review  [4176]  on  the 
basis  of  the  ionization  potentials  of  a  series  of  molecules.  Older 
measurements  (see  [l4l])  have  given  values  for  the  ionization  potential 
of  02  from  12.2  to  12.5  ev. 

The  function 

A//7.(0,\  )  =  278,545  ±  0,03  kcal/.  ■  he . 
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corresponds  to  the  accepted  ionization  potential  of  0^. 

-  .  The  investigation  of  0^  spectra  makes  it  Impossible  to  obtain  a 

reliable  value  of  the  dissociation  energy  of  this  molecule.  The  value 

•  D,(Oa«153,43  ±0,05  kcal/inole . 

corresponds  to  the  values  of  I(02),  Dq(02)  and  1(0),  assumed  above. 

0~  (gas).  Measurement  of  the  heats  of  interaction  between  0, 

\  O  5 

and  As20^  and  the  eatalytical  decomposition  of  0^  on  platinum  and 
soda  lime  have  been  carried  out  in  papers  by  Berthelot  [775,  776], 
Mulder  and  Van  der  Meulen  [2966,  2967],  Jahn  [2203]  and  Kailin  and 
Jahti  [2319]  in  order  to  determine  the  heat  of  formation  of  0^.  The 
data  obtained  by  these  authors  have  been  analyzed  critically  by 
BiChowski  and  Rossini  [813],  who  recommended  the  value  of  34.5  kcal/ 
mole  for  the  heat  of  formation  of  ozone  at  293.15°K.  Later,  the 
same  value  has  been  obtained  by  Gunther,  Wassmuth  and  Sehryver  [1891] 
on  the  basis  of  measurements  of  the  decomposition  heat  of  0^  in  ex¬ 
plosion.  Corresponding  to  this  data, 

(Q»  •“  )  =  34,5  ±  0,5  kcal/mole . 
is  .accepted  in  the  present  Handbook. 

b«(0,)  =  141 ,828 ±  0,5  kcal/mole . 
corresponds  to  the  accepted  value. 

TABLE  23 

Accepted  Values  of  Thermochemical  Quantities  (in  cal/mole) 
of  Oxygen  and  its  Compounds  in  the  Gaseous  State 


IttCT— 

D. 

A W, 

»,» 

0 

__ 

58987 

59548 

59558 

1581 

1C06 

0* 

314052* 

373039 

374931 

374963 

1456 

1481 

O' 

M300®1 

^5 187 

24256 

24240 

1545 

1571 

0, 

117973 

0 

0 

0 

2040 

•2075 

0; 

279345* 

278545 

280149 

280176 

.  2188 

2225 

0* 

141828 

35132 

34500 

34496 

2428 

2476 
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a)  The  value  of  the  ionization  potential  of  the  corresp¬ 
onding  neutral  ion  or  molecule  is  given. 

b)  the  energy  of  electron  detachment  from  the  0~  ion  is 
given. 

A)  Substance. 


Manu¬ 

script 

Page 

No. 

2  99 


304 


313 


314 


325 


[Footnotes] 


A  uniform  system  of  denomination  of  the  excited  electronic 
states  of  02  is  lacking  3n  literature;  in  the  Handbook,  the 

designations  a,  b,  c  are  chosen  for  singlet  states,  and  A, 

B,  C,  for  triplet  states  (in  the  sequence  of  their  rising 
excitation  energies). 

In  the  papers  [2929,  2916,  1026]  the  microwave  spectra  of 
oxygen  have  been  investigated.  The  data  obtained  by  ana¬ 
lysis  of  the  microwave  spectra  have  been  used  mainly  for 
checking  the  validity  of  the  Schlapp 1 s  equations  for  the 

rotationsl  levels  of  the  state  of  the  molecule.  The 

values  of  the  rotational  constants  B  and  a,,  close  to  those 

cited  in  Table  19  (1.4457  and  O.OI58  cm“  ),  and  also  = 

-  1556.26  cm-1  have  been  obtained  in  i960  during  the  inves¬ 
tigation  of  the  Raman  spectrum  of  gaseous  oxygen  by  Weber 
and  McGinnis  [4l89a]. 

It  must  be  noted  that  in  the  paper  by  Gutowsky  and  Petersi 
[1905]  the  attempt  was  made  to  interpret  the  v  =  1110  cm“~ 
band  as  a  v,  —  v?  difference  and  to  assume  the  "acute  model" 
for  the  molecule.  Badger  and  Wilson  [603]  proved  the  un¬ 
fitness  of  this  assumption,  on  the  basis  of  an  investigation 
of  the  ozone  spectrum  at  low  temperatures. 

After  the  calculations  of  the  thermodynamic  functions  of 
ozone  had  been  finished,  the  paper  by  Gora  [1798a]  has  been 
published,  who,  on  the  basis  of  a  new  processing  of  the  ex¬ 
perimental  data,  obtained  almost  the  same  values  of  the  ro¬ 
tational  constants  of  0^  (*000  -  3i55360;  B000  =  0.44527, 

and  C000  =  0.39475  cm~  ).  It  must  be  noted  that  the  structure 

of  the  rotational  spectrum  of  0^,  investigated  in  1959 -i960 

[1260,  1674a]  is  also  well  described  by  equations  having 
these  constants. 

The  value  A(0)  =■  -53*8  +  0.8  kcal/g-atom  was  obtained  by 
Metlay  and  Kimball  on  the  basis  of  the  measurement  of  the 
current  of  negative  ions  formed  due  to  the  dissociation  of 
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NgO  on  an  incandescent  tungsten  lilament.  Recently,  Brans- 

comb  [900],  investigating  the  dependence  of  the  negative 
ion  current,  observed  in  the  work  by  Metlay  and  Kimball  on 
-the  temperature  of  the  incandescent  filament,  has  shown 

that  these  ions  are  Cl“  ions  and  not  0“  ions.  Owing  to  the 
^act  that  in  the  commercial  nitrous  oxide  used  by  Metlay 
and  Kimball,  chlorine  mut.1  be  present  as  an  impurity,  the 
--  conclusion  drawn  by  Branscomb  is  sufficiently  substantiated. 

A  value  A(0)  =  -33.5  kcal/g-atom,  almost  similar  to  the 
value  accepted  above,  had  been  obtained  in  1961  by  Page 
[3163a]  by  measuring  the  current  of  negative  ions  ionizing 
Og,  NO  ana  E  0  on  an  incandescent  filament. 


[Transliterated  Symbol] 

Kon.sp  =  kol.vr  =  kolebatel • nyy-vrashchatel 1 nyy  =  vibra¬ 
tional-rotational. 
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Chapter  6 

HYDROGEN  AND  ITS  ISOTOPES 
(H,  H+,  H“,  H2,  D,  HD,  D2,  T,  HT,  DT, 

Three  isotopes  of  hydrogen  are  well  known:  protium  (H^),  deuter¬ 
ium  (H2  or  D)  and  tritium  (H^  or  T).  Natural  hydrogen  consists  of 
99*9851#  protium  and  0.0149#  deuterium.  In  nature,  tritium  occurs  in 
insignificantly  small  quantiti  s.  In  contrast  to  protium  and  deute¬ 
rium,  tritium  is  radioactive  and  has  a  half-life  of  12.262  years 
[3889]. 

Owing  to  the  fact  that  natural  hydrogen  consists  almost  entire¬ 
ly  of  protium,  its  thermodynamic  properties  practically  do  not  differ 

from  the  thermodynamic  properties  of  pure  protium.  Thus,  the  differ - 

* 

ence  between  the  $>T  value  of  monatomic  natural  hydrogen  and  that  of 
pure  protium  amounts  to  0.0004  cal/g-a tom* degree,  i.e.,  it  is  lower 
than  the  error  caused  by  the  Inaccuracy  of  the  values  of  physical 
constants.  Therefore,  in  the  present  Handbook,  a  difference  between 
the  compounds  of  protium  and  natural  hydrogen  is  not  quoted,  as  a 
rule,  with  the  exclusion  of  cases,  in  which  compounds  of  individual 
hydrogen  isotopes  with  one  another,  as  well  as  with  oxygen  or  halogens 
are  dealt  with. 

In  the  present  chapter,  the  monatomic  hydrogen  isotopes  (H1,  D, 
T),  the  ions  H+  and  H~,  and  the  diatomic  compounds  (H^,  HD,  D 2,  HT,  DT 
T2)*are  dealt  with.  The  thermodynamic  functions  ol  the  monatomic  pro¬ 
tium  and  its  ions  and  also  that  of  the  diatomic  protium  are  calcula¬ 
ted  for  the  temperature  range  of  from  293. 15  to  20,000°K,  and  the 


thermodynamic  functions  of  deuterium,  tritium  and  their  compounds,  up 
to  6000°K.  The  D+  and  T+  ions  are  not  dealt  with  in  the  Handbook,  be¬ 
cause;  an  ionization  of  hydrogen  does  not  take  place  practically  up 

»  -  *Br  '  “■  _  - 

to  6COO°K.  The  excitation  energies  of  the  H,  D,  and  T  atoms  and  of  the 
Hg/HIV  Ep,  HT,nr,  and  T2  molecules  are  very  high.  Thus,  the  contribution 
of  these  states  to  the  values  of  thermodynamic  functions  of  the  cor¬ 
responding  gases  are  negligible  at  temperatures  up  to  10, 000-15, 000°K 
an<f  become  essential  only  up  to  20,000°K.  Owing  to  this  fact,  mainly 
the  results  of  investigations  of  the  ground  electronic  stater,  of  the 
E,  molecule  and  of  its  isotopic  modifications  are  dealt  with  in  the 
Division  "Molecular  Constants". 

The  spectra  of  the  isotopic  modifications  of  hydrogen  are  similar 
to  each  other.  In  particular,  the  system  of  excited  electronic  states 
is  similar.  As  Stoicheff  [3875]  has  shown,  the  interatomic  equilibri¬ 
um  distance  r0  is  equal  for  all  isotopic  modifications  or  the  ^  mol¬ 
ecules  with  an  accuracy  of  up  to  +0.0001  A.  It  must  be  noted,  how¬ 
ever,  that  the  value  of  r0(H^)  =  0.74130  +  0.00006  A,  found  by  Stoicheff 
differs  somewhat  from  the  value  found  by  Herzberg  and  Howe  [2032], 
rgCHg)  =  0.741116  A,  and,  in  connection  with  this  fact,  repeated  deter¬ 
minations  of  the  rg  values  o-f*  each  isotopic  modification  cf  the 
molecule  are  necessary. 

§27.  MOLECULAR  CONSTANTS 

H  .  The  protium  atom  possesses  in  the  ground  state  an  Is  elec- 

p 

tron  configuration,  to  which  the  S^y 2  state  corresponds.  The  excita¬ 
tion  energies  and  statistical  weights  of  all  electronic  levels  of  the 
protium  atom,  corresponding  to  the  values  of  the  principal  quantum 
number  n  <  13,  accepted  on  the  basis  of  the  values  recommended  by 
Moore  [2541],  are  quoted  in  Table  24.  States  having  energies  which  are 
similar  in  their  values,  are  unified  into  one  level  with  a  mean  exci- 
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tation  energy  and  a  summarized  statistical  weight. 


TABLE  24 

Energy  Levels  of  the  H1,  D  and  T  Atoms 


A 

Atom 

B 

tlOMcp  yfto>- 

HK 

C  COCT 

l.'ICXTpOMlt.W  KOInJiK- 
rypauMM  p 

okhmc 

E  Tepu 

CT«THCTN<IC- 

CK«»  ICC 

G 

SHeprMM, 

CM-* 

H» 

0 

is 

*V. 

2 

0 

1 

2*.  2 p 

.  *S,  *P 

8 

82259.1 

2 

3s.  3 P.  3 d 

•S.  *pt  *D 

18 

97492,3 

?  * 

3 

4*. ...4/ 

32 

102824 

4 

Ss,...,5g 

30 

105292 

i 

s 

6s,...,6h 

*S . *H 

72 

106632 

f 

ft 

7s . 71 

;  ** 

107440 

7 

s....,Sk 

128 

107965 

8 

is,.. .,91 

• S....*L 

162 

108325 

9 

10*... .,10m 

200 

108582 

> 

10 

lli... .,ll/i 

*S . *JV 

242 

108772 

11 

12s . 12^ 

288 

108917 

12 

13s,...,13r 

*S . *R 

338 

109030 

D 

0 

Is 

2 

0 

T 

0  . 

Is 

*/. 

2 

0 

A)  Atom;  B)  number  of  the  level;  C)  state;  D)  electron  config 
uration;  E)  term;  F)  statistical  weight;  G)  energy,  cm”1. 


D,  T.  The  deuterium  and  tritium  atoms,  as  well  as  the  protium 

atom,  possess  the  electron  configuration  Is  in  the  ground  state 

2 

Sl/2*  •rhe  energies  of  the  excited  electronic  states  of  the'.: a  atoms 
possess  values  similar  to  those  of  the  energies  of  the  corresponding 
states  of  the  protium  atoms. 

In  Table  24,  only  the  data  of  the  ground  states  of  D  and  T  atoms 
are  given,  because  the  excited  electronic  states  of  these  atoms  poss¬ 
ess  energies  exceeding  82,000  cm~*L  [2541]  and  are  not  dealt  with  in 
the  present  Handbook. 

H+.  The  positive  ion  of  the  protium  atom  (the  proton)  is  the  nu¬ 
cleus  of  this  atom,  devoid  of  the  electron  shell. 

H*\  The  negative  ion  of  the  monatomic  protium  possesses  in  the 
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2  1 
ground  state  the  ..s  electron  configuration,  to  which  one  S  state 

corresponds.  The  energies  of  the  excited  electronic  states  of  the  H" 

ion  must  be  high  and,  according  to  theoretical  calculations  (see 

[233a])  they  must  exceed  essentially  the  ionization  potential  of  this 

ionV  Thus>  it  is  assumed  in  the  present  Handbook  that  the  H“  ion  does 

not:  possess  discrete  excited  electronic  states. 

Hg.  The  ground  state  of  the  Hg  molecule  is  a  state  of  the 
type.  All  excited  states  of  Hg  possess  excitation  energies  higher  than 
90,000  cm-1  and  they  are,  therefore,  not  dealt  with  in  the  present 
Handbook;  the  results  of  the  numerous  investigations  on  these  states 
may  be  found  in  the  monograph  by  Herzberg  [2020]  and  in  the  Hand¬ 
book  [649]. 

Exactly  as  all  symmetrical  diatomic  molecules,  hydrogen  does  not 
possess  a  dipole  vibrational-rotational  spectrum  and  the  molecular 
constants  of  Hg  in  the  ground  electronic  state  may  be  found  only  on 
the  basis  of  an  investigation  of  the  quadrupole  vibrational-rotational 
spectrum,  the  Raman  spectrum,  and  the  electron  spectrum.*  The  quadru¬ 
ple  spectrum  of  Hg  lying  in  the  photographic  infrared  region,  has 
been  investigated  by  Her2berg  [2021].  The  Raman  spectrum  of  Hg  has  bean 
studied  by  several  investigators  [828,  3399*  3875,  3957]-  This  spec¬ 
trum  was  obtained  with  a  maximum  resolution  in  the  works  of  Teal  and 
McWood  [3957]  and  Stoicheff  [3875].  Transitions  only  between  low  vi¬ 
brational  and  rotational  levels  (v  <  3,  and  J  <  5)  have  been  observed 
in  the  quadrupole  spectrum  and  Raman  spectrum.  Although  the  accuracy 
of  the  measurement  of  these  spectra  is  very  high,  the  values  of  the 
molecular  constants  of  Hg  found  in  the  corresponding  papers,  describe 
insufficiently  the  high  vibrational  and  rotational  levels  of  the  ground 
state.  Transitions  corresponding  to  these  higher  levels  have  been  ob¬ 
served  in  .he  electron  spectrum  of  Hg. 


TABLE  25 


Energies  (in  cm”1)  of  the  Vibrational  Levels  Gq(v)  of  the  Hg 
Molecule  in  the  X  £*  state 


p 

A 

3KC  ncpHMCriT.-MbKMC 
AJititfJc 

B  I'.ICHCT  AO  nOCTOUHNMM 

-  '  -  / 

J3357J* 

|40iJJ6  b 

(2fCI|*C 

|3S7iJr  fi 

tjc.i  y> 

1 

.  4161,14  (3S75J- 

4160,4 

4162,4 

4160,3 

4161,1 

4161 il4  J 

2 

8087,11  [3373]| 

8084,4 

8085,0 

8087,0 

8087,1 

8088,68 

3 

11782,35  [3S7S] 

11778,4 

11777,2 

11782,2 

11782,3 

17785,22 

4 

15250,36  [2032] 

15251,7 

15244,2 

15247,5 

15251,2 

15253,23 

5 

18491,92  [2032) 

18487,4 

18486,4 

18484,5 

18497,9 

18494,13 

6 

21505,65(2032] 

21501/ 

21499,8 

21495,3 

21526,9 

21507.37 

7 

24287,83  [2032) 

24283,8 

24275,4 

24281,3 

24342,5 

24289,55- 

8 

26830,97(2032] 

26827,0 

26800,0 

26844.4 

26949,0 

26833,49  . 

9 

29123,93  [2032] 

29120,3 

29056,9 

29186,3 

29351,0 

29127,32 

10 

31150,19  [2032] 

31152,0 

31022,4 

31308,7 

31552,6 

31153.58 

11 

32386,85(2032] 

32906,6 

32670,2 

33213,5 

33558,0 

32888.30 

12 

34301.83(2032] 

34356,8 

33968,6 

34902.1 

35371,9 

34300.il 

13 

35351,01  [2032] 

35508,9 

34881.9 

36376,5 

36998,5 

35349.29 

14 

35972,97  [2032] 

36312,6 

35369,4 

37638,6 

38442,1 

35986,91 

Vmu 

36U6±6«e 

36794,3 

35385,7 

40845,2 

43925,2 

35986.91*  f 

a)  G0(v)  =  4281,  4v  -  122.573V2  +  1.722v3  -  0.11265v4;  vmax  =  16.- 

b)  gq(v)  =  4286. 68v  -  126.8l3v2  +  2.7369v3  -  0.l9v4;  vmax  =  15- 

c)  Gq(v)  =  4277. 46 v  -  117.560V2  +  0.29v3;  vmax  =20. 

d)  G0(v)  =  4280.12v  -  119.7285V2  +  0.724l9v3;  vjnax  =  22. 

e)  See  the  footnote  to  page  358. 

f)  v  =  14. 

‘  max 

A)  Experimental  data;  B)  calculation  on  the  basis  of  the  con¬ 
stants. 


Two  most  thoroughly  studied  band  systems  of  the  electron  spectrum 
of  H^,  related  to  +he  electronic  ground  state,  lie  in  the  vacuum-ul¬ 
traviolet  spectral  range,  where  the  accuracy  of  the  measurement  of  the 
wave  numbers  of  the  lines  was  mediocre  up  to  recent  times.  These  are 
the  systems  (Lyman  bands)  [801,  2032,  2l6l,  2239,  2242, 

3928]  and  C1!]  T.  X1^  (Werner  bands)  [2239,  2242,  3928].  The  most  tho- 
rough  investigation  of  the  Lyman  Lands  has  been  published  in  1959  by 
Herzberg  and  Howe  [2032],  who,  using  a  device  with  high  dispersion. 


obtained  results  which  significantly  exceed,  as  to  accuracy,  all  the 
works  performed  earlier.  In  particular,  the  energies  of  the  vibration- 
al- levels  of  the  electronic  ground  stats  of  H2  were  determined  in  pa¬ 
per:  {2032  J  up  to  v"  =  14,  and  it  was  shown  that  the  assumption  made 
by  JBeutler  [801]  concerning  the  possible  existence  of  an  additional 
level  (v*  =  15)  below  the  dissociation  limit  is  erroneous. 

Jr '  A  number  of  equations  proposed  by  various  authors,  which  approx¬ 
imate  the  energy  of  the  vibrational  levels  of  the  electronic  ground 
state  of  Hg  is  well  known  in  literature.  In  Table  25  the  results  of 
the.-;  calculation  by  means  of  these  formulas  are  given  for  comparison 
with  the  most  accurate  experimental  data.  The  vibrational  constants  of 
it,,  found  by  Teal  and  Me  Wood  [3957]  and  Urey  and  Teal  [4ot3j  are  cal¬ 
culated  on  the  basis  of  insufficiently  accurate  data  for  v"  =  0-12, 
especially  on  the  basis  of  data  obtained  by  Jeppesen  [2239,  2242]  in¬ 
vestigating  the  ultraviolet  spectrum  of  Hg.  Thus,  the  calculation  of 
the  values  of  GQ(v)  on  the  basis  of  the  constants  found  in  the  papers 
[3957,  4031]  gives  inaccurate  results  for  all  values  of  v,  especially 
for  levels  near  the  dissociation  limit.  The  constants  found  by  Ucrz- 
berg  [2021]  (and  cited  in  Herzberg* s  monograph  [2020]  and  in  the  Hand¬ 
book  [64d])  from  the  quadrupole  spectrum,  and  by  Stoicheff  [3875]  from 
the  Raman  spectrum,  describe  satisfactorily,  only  the  energies  of  the 
lower  vibrational  levels  of  Hg.  Only  the  constants,  found  by  Herzberg 
and  Howe  [2032],  as  Tat’.e  25  shows,  describe  satisfactorily  all  vi¬ 
brational  levels  of  Hg  and  let  them  converge  near  the  dissociation 
limit  of  Hg.  These  vibrational  constants  are  accepted  in  the  present 
Handbook  and  quoted  in  Table  26.* 

The  rotational  constants  of  the  electronic  ground  state  of  tlv  ii. 
molecule  have  been  calculated  by  several  authors.  Herzberg  [2021]  cal¬ 
culated  the  constants  on  the  basis  of  an  analysis  of  the  fine  struc- 
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ture  of  the  2-0  and  3-0  bands  of  the  quadrupole  spectrum  of  J^.  Stoi- 
cheff  [3875],  using  the  data  obtained  by  Kerzberg  [2021],  and  also 
the  results  of  his  own  measurements  of  the  1-0  band  in  the  Haman  spec¬ 
trum,  calculated  anew  the  rotational  constants  of  Hg.  However,  the 
rotational  constants  found  by  these  two  authors  possess  the  same  defi¬ 
ciency  as  the  vibrational  constants,  being  accurate  only  for  low  va¬ 
lues  of  v.  Jeppesen  [2239]  calculated  the  rotational  constants,  using 
the  data  for  vM  <  12  and  J  <  7  obtained  by  him  from  the  electron  spec¬ 
trum.  Later,  these  data  have  been  accepted  as  being  a  basis  by  Woolley 
Scott  and  Bricwedde  [4329],  who  calculated  anew  the  values  of  the  ro¬ 
tational  constants  of  Hg  in  the  electronic  ground  state.  The  calcula¬ 
tion  performed  in  paper  [4329]  must  be  acknowledged  to  be  the  more  cor 
rect  one  because  the  authors  of  this  paper  endeavored  to  develope  such 
an  equation  which  gives  reasonable  values  for  the  energy  of  rotational 
levels  at  great  values  of  J.  In  particular,  the  Eq.  (1.18)  instead  of 
the  polynomial  (1.15)  has  been  used  for  the  energy  of  the  rotational 
levels  of  the  Hg  molecule. 

TABLE  26 

Accepted  Values  of  the  Molecular  Constants  of  Hg  in 

the  Electronic  Ground  State  (in  cm**1) 


A 

i  » 

1 

Hccrca.-  • 

a  ; 

„  3 

nccr&sfc- 

A 

w. 

♦ 

! 

&0,S433 

]  4,3-135-iO-s  = 

: 

Ci  ; 

Pi 

,<£Oi-:0-5  5 

Ss& 

"  - /*>*:  -i 

!  3.301S-10-* 

"•S 

Kt 

1  4,03203- .O'* 

^  *“VtWw 4MW* 

1 

! 

J  i 

,3.72:7-10-* 

j  2.S--.0-*  j 

« 

A)  Constant;  B)  value. 


In  the  present  Handbook,  the  values  of  the  rotational  constants 
are  accepted,  which  are  recommended  in  the  paper  [4329]  by  Woolley, 
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Scott  and  Bricwedde  (see  Table  26).  The  energies  of  the  rotational  le¬ 
vels  of  Hg  calculated  by  using  these  constants,  differ  somewhat  from 
the  experimental  data  found  with  high  accuracy  by  Herzberg  [2021], 
Stoicfteff  £  38753  and  Herzberg  and  Howe  [2032].  However,  these  differ¬ 
ences  are  negligible  and  do  not  exceed  0.1  cm”1  in  the  values  of 
Fy( J)  at  low  J. 

323.  The  molecular  constant'  of  the  12^  electronic  ground  state 
of  protodeuterium  were  for  the  first  time  found  by  Jeppesen  [2240], 

Mie  [29Q0]  and  Fujioka  and  Wada  [1626]  as  the  result  of  the  analysis 
of  the  C^II  -♦  X1^*  and  B1^  -♦  X1^*  band  systems  in  the  ultraviolet 

o  o 

spectrum  of  HD. 

The  CT^n  -*  X1^*  band  system  was  investigated  by  Jeppesen  [22401, 

O 

who  obtained  the  absorption  spectrum  of  HD  in  the  300-1375  A  region 
by  means  of  a  vacuum  spectrograph  with  a  diffraction  grating  whose  re¬ 
volving  power  was  30,000.  The  spectrum  consists  of  12  bands  correspond 
ing  to  vf  =  0-3  and  v"  =  1-7,  in  which  Jeppesen  measured  the  wave  num¬ 
bers  of  about  2500  lines.  Using  the  isotopic  relations  (1.43),  Je¬ 
ppesen  calculated  the  vibrational  and  rotational  constants  of  HD  on  th 
basis  of  the  molecular  constants  of  Hg  which  he  found  earlier  [ 2239] ; 
the  values  obtained  for  the  molecular  constants  well  describe  the  ob¬ 
served  positions  of  the  lines  in  the  HD  spectrum. 

Mie  [2900]  investigated  the  BX2  -♦  xhj  and  C1n  -  X1^  band 

o  o 

systems  with  a  spectrograph  having  a  dispersion  of  17.5  A/mm  and  ob¬ 
served  transitions  into  the  12  lower  levels  of  the  electronic  ground 
state  of  HD.  On  the  basis  of  the  analysis  of  the  spectra  obtained,  Mie 
came  to  the  conclusion  that  the  cubic  equation  for  AGy  obtained  by 
Jeppesen  [2239]  is  sufficient  for  describing  the  transitions  into  the 
lower  levels  of  the  ground  state  ( v”  =  0,  1,  6].  Mie  supplemented 

the  equation  for  AGy,  obtained  by  Jeppesen  [2239]  by  the  term  +0.005 


(v  +  1/2)  ' ,  in  order  to  describe  the  transitions  into  higher  vibra¬ 
tional  levels  (v"  =  7 >  8,  . ..,  12). 

Later,  the  B1^  x1^  and  C^JI  band  systems  were  investiga- 

o  o 

ted  by  Fujioka  and  Wada  [1626]  by  a  device  having  a  lower  dispersion, 
and  they  confirmed  the  analysis  results  of  Mie  [2900], 

The  Raman  spectrum  of  protodeuterium  has  been  investigated  for 
the  first  time  by  Teal  and  McWood  [3957]  who  measured  8  lines  of  HD 
corresponding  to  pure  rotational  transitions  (J  =  0,  1,  6)  and  5 

lines  of  the  vibrational-rotational  1-0  band.  On  the  *.  iis  of  these 
measurements.  Teal  and  McWood  found  AG-jyg  ~  3631* ^  +  0.2  cm-1.  Com¬ 
bining  this  value  with  the  results  of  the  measurements  of  the  ultra¬ 
violet  band  systems  of  HD,  obtained  by  Jeppesen  [2240]  and  Mie  [2900], 
Teal  and  McWood  calculated  the  values  of  the  vibrational  constants  of 
the  electronic  ground  state  of  HD,  quoted  in  the  second  column  of 
Table  27- 

The  infrared  spectrum  of  HD  was  obtained  by  Herzberg  [2022],  who 
measured  7  lines  of  the  3-0  band  9650  A)  and  6  lines  of  the  4-0 
band  (~7400  A).  Combining  the  resulls  obtained  by  the  investigation  f 
the  infrared  spectrum  with  the  results  of  the  investigation  of  the 
Raman  spectrum  [39573*  Herzberg  [2022]  calculated  the  values  of  the 
molecular  constants  of  HD,  quoted  in  the  third  column  of  Table  27. 

Stoicheff  [3875],  in  1957,  obtained  the  Raman  spectrum  of  HD  by 
means  of  a  device  with  a  dispersion  of  1.2  A/mm  and  measured  5  lines 
of  the  purely  rotational  transitions  and  4  lines  of  the  Q  branch  of 
the  1-0  band  with  an  accuracy  of  from  +0.02  to  +0.05  cm"1.  The  results 
of  these  measurements  and  those  of  the  measurement  of  the  infrared 
spectrum  obtained  by  Herzberg  [2022]  enabled  Stoicheff  to  calculate 
the  molecular  constants  of  HD,  quoted  in  the  fourth  column  of  Table 
27. 
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"Later  on,  DUrie  and  Herzberg  [1426a]  obtained  in  the  infrared 
spectrum  of  HD  the  1-0,  2-0,  3-0 i  and  4-0  bands  with  a  very  high  reso¬ 
lution,  and  they  determined  anew,  on  the  basis  of  an  analysis  of  the 
rotational  structure  of  these  bands,  the  values  of  the  molecular  con¬ 
stants  of  HD  in  the  electronic  ground  state  (see  Table  27).  The  data 
obtaliiediby  Durie  and  Herzberg  are  in  good  agreement  with  those  of 
Stoicheff,  but  they  exceed  the  latter  with  regard  to  accuracy  and  com¬ 
pleteness.  The  values  of  the  rotational  constants  of  HD,  found  in  pa¬ 
per  [l426a]i  are  similar  to  the  values  recommended  by  Woolley,  Scott 
and  Bricwedde  [4329]. 

The  molecular  constants  of  HD  found  in  papers  [  3875]  and  [  1426a] 
made  it  possible  to  calculate  the  energy  of  the  four  lower  vibration¬ 
al,  levels  of  HD  with  high  accuracy.  The  values  of  the  molecular  con¬ 
stants  of  HD,  recommended  by  Woolley,  Scott  and  Bricwedde  [4329],  de¬ 
termine  the  lower  levels  of  the  vibrational  and  rotational  energy  of 
HD  with  a  practically  equal  accuracy  as  the  constants  found  by  Durie 
and  Herzberg  [ 1426a] .  The  higher  levels,  however,  are  determinable  by 
these  values  with  higher  accuracy.  Therefore,  the  values  of  the  mole¬ 
cular  constants  of  HD,  recommended  by  Woolley,  Scotu  and  Bricwedde  in 
paper  [4329]  have  been  accepted  in  the  present  Handbook  for  the  elec¬ 
tronic  ground  state.  Woolley,  Scott  and  Bricwedde  adopted  the  values 
of  the  vibrational  constants  of  the  HD  from  the  paper  of  Teal  and 
Me Wood  [3957]*  The  rotational  constants  Be,  0^,  a2,  have  been  cal- 
ctxlated  anew  by  the  authors  of  paper  [4329]  on  the  basis  of  the  data 
obtained  by  Jeppesen  [2240].*  The  constants  De,  0^,  02,  0^,  He,  ana 
Le  have  been  calculated  by  Woolley,  Scott  and  Bricwedde  [4329]  by 
means  of  the  Dunham  formulas  (see  page  85),  using  the  constants  enter¬ 
ing  into  the  expressions  for  G(v)  and  Bv. 
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TABLE  27 


Values  of  the  Molecular  Constants  (in  cm”  )  of  the 
Electronic  Ground  State  of  HD  According  to  the  Data 
of  Various  Investigators 


flOCTMMIMA 

• 

3  Byjui,  Ckoit  h 
Cpmciu-Ac  1432*1* 

C  rcpufrpr 
ISteSJ 

Croflnta  (38751 

Xwop<?»  ri-pn- 
«cpr  IU3SJ 

**« 

3817,09 

3809,745 

3811,924 

3812,293 

•A 

94,958 

89,7668 

90,7113 

*A  ■ 

1,4569 

0,36567 

0,47759 

9,504 

-  Vi 

0,07665 

• 

— 

— 

Bt 

45,6549 

45,6385* 

45,6378 

45,6627 

«i 

1,992721 

1,9503 

1,95004 

2,0034 

«* 

0,038482 

0,0140 

a* 

— 

— 

0,0034 

D. 

26,136-10-* 

25,90-10' J 

26,341-10-* 

26,67-10"* 

0,72661-10-* 

0,84-10-* 

0,857-10"* 

0,78- 10-* 

P.  . 

0,0268773-10** 

0,044-10-* 

0,033- 10* 

—  • 

20,827-10-*  . 

_ 

22,4-10"* 

22-10"**  b 

*1 

0,1024-10"* 

— 

— 

— 

L. 

21,295-10-* 

— 

— 

— 

a)  Woolley,  Scott  and  Briewedde  adopted  the  values 
of  the  vibrational  constants  of  HD  from  the  paper 
by  Teal  and  McWood  [ 39571. 

b)  Assumed  in  paper  [l42oa]  according  to  the  data 
by  Stoicheff  [3875]. 

A)  Constant:  B)  Woolley,  Scott  and  Briewedde;  C) 
Herzberg;  D)  Stoicheff;  E)  Durie  and  Herzberg. 


The  values  of  the  molecular  constants  of  HD  for  a  number  of  ex¬ 
cited  electronic  states  are  quoted  in  the  book  by  Herzberg  [2020]  and 
in  the  Handbook  [649]. 

D0.  The  molecular  constants  of  the  X^t  electronic  ground  state 

d  g 

of  the  diatomic  deuterium  have  been  determined  in  the  papers  [ 3957, 

3875,  4329,  2241,  417,  420]  on  the  basis  of  the  results  obtained  by 

the  investigation  of  the  Ranan  spectrum  [3957,  3875]  and  the 

X^E+;  1n  -♦  X^2+  band  systems  lying  in  the  ultraviolet  region  [2241]. 
£  ^  6 

The  Raman  spectrum  of  D0  was  obtained  for  the  first  time  by  Teal 


and  McWood  [3957].,  who  measured  a  number  of  lines  of  the  purely  ro¬ 
tational  spectrum  and  of  the  1-0  band  and  found  AG-jy2  =  2993.5  +  0.2 
cin"^i  A  repeated  investigation  of  the  Raman  spectrum  of  D2  was  carried 
out  by  Stoicheff  in  1957  [3875]  by  a  spectrograph  with  a  1.2  A/mm  dis¬ 
persion.  Stoicheff  measured  5  lines  of  the  purely  rotational  spectrum 
and  5  lines  of  the  Q  branch  of  the  3.-0  band.  The  results  of  the  inves¬ 
tigation  of  the  Raman  spectrum  enabled  Stoicheff  to  determine  the 
following  values  (in  cm-1)  of  the  molecular  constants  of  D2;  ^1/2  ~ 

=  2993.56^  Dq  =  1.134* 10“2,  B0  =  29.9105,  =  1.075*10“2,  B±  = 

=  28.8482,  Hx  =  3.6*10-6. 


TABLE  28 

Values  (in  cm""1)  of  the  Molecular  Constants  of  the 
Electronic  Ground  State  of  D2 


a)  The  corrected  value  of  the  constant  is  cited.  _ 

A  wrong  value  of  the  constant  equal  to  -0.058*10 

cm  is  given  in  paper  [43293- 

A)  Constant;  B)  Woolley,  Scott  and  Briewedde;  C)  Tver- 
dovskiy,  Khachkuruzov  et-  al. 

Jeppesen  [ 2241]  investigated  37  bands  of  the  -♦  X^Z*  system 
and  29  bands  of  the  1il  system  of  the  Dp  moleciae  by  a  spectro- 

graph  having  a  2.4  A/mm  dispersion.  The  analysis  of  the  rotational 
structure  of  the  observed  bands  enabled  him  to  determine  the  energy  oi 


the  vibrational  and  rotational  levels  of  the  electronic  ground  state 
of  D corresponding  to  v"  =  0,  1,  . ..,  8,  and  to  calculate  the  vi¬ 
brational  and  rotational  constants  of  the  electronic  ground  state,  us¬ 
ing  for  this  purpose  the  results  of  the  investigation  of  the  Raman 
spectrum  of  D2,  obtained  by  Teal  and  McWood  [3957]*  Calculating  the 
vibrational  constants,  Jeppesen  [2241]  used  an  erroneous  value  for  _ 
AGy,  and  thus  the  values  of  the  vibrational  constants  of  IX,  obtained 
by  him,  are  incorrect.*  Therefore,  Woolley,  Scott  and  Bricwedde  [43291 
calculated  anew  the  vibrational  constants  of  Dg  on  the  basis  of  the  ex- 
pe: Imental  data  by  Jeppesen  [2241]  and  Teal  and  McWood  [ 3957 ] •  The 
values  of  the  rotational  constants  of  D2  (Bg,  a^,  a2,  a^,  Dg),  cal¬ 
culated  by  Jeppesen  [2241],  have  been  accepted  without  alterations  by 
the  authors  of  paper  [4329]  and  also  by  Herzberg  [2020]  and  the  Hand¬ 
book  [649].  In  addition  to  these  constants,  Woolley,  Scott  and  Bric- 
weddo  [4329],  by  the  Dunham  formulas  [l4l8],  calculated  the  constants 
P^,  P2,  He,  and  Lg.  The  values  of  the  molecular  constants  of  0.  ., 
obtained  in  this  way  in  the  paper  [4329] ,  are  quoted  in  Table  28. 

The  vibrational  constants  of  D2  recommended  in  the  paper  [4329i- 
however,  sufficiently  describe  only  the  lower  levels  of  the  vibration¬ 
al  energy  of  this  molecule,  corresponding  to  the  values  of  v  <.  7«  The 
following  interpolation  formula 

C,(o)  *,  3071,8o~66,769  0*4-0,78927  ©*-0.0295350*  ( yi.  1) 

was  obtained  for  the  calculation  of  the  levels  of  the  vibrational  ener¬ 
gy  of  D0  at  v  >  7  in  the  first  edition  of  the  Handbook.  The  values  of 
the  levels  of  the  vibrational  energy  of  D2  (at  v  >  7)  calculated  by 
this  formula  agree  satisfactorily  with  the  experimental  data  by  Jep¬ 
pesen  [2241]  and  also  with  the  value  of  DQ(D2)  accepted  in  the  present 
Handbook. 

The  calculation  of  the  molecule  constants  of  Dp,  performed  by 


Woolley,  Scott  sol  Bricwedde  [4329]  have  been  repeated  in  the  paper 
p  These  calculations  showed  that  an  erroneous  value  of  the  con¬ 
stants  o>  t  ,  and  also  inaccurate  values  of  the  rotational  constants  of 
■  e  e 

Dg;  differing  from  those  calculated  in  terms  of  the  isotopic  (1.43)  on 
the  basis  of  the  corresponding  constants  of  Hg  accepted  in  the  paper 
[4329],  are  given  in  the  latter.  The  values  of  the  constants  Be,  a.^, 
and  a^,  assumed  in  the  paper  [417]  for  the  Dg  molecule,  have  been 
calculated  by  means  of  the  isotopic  relations  (1.43)  on  the  basis  of 
the:  corresponding  constants  of  HD.*  The  values  of  a  number  of  rota¬ 
tional  constants  of  Dg,  calculated  by  Stoicheff  [3875.1**  on  the  basis 
of  the  results  of  an  accurate  investigation  of  the  Raman  spectrum,  are 
similar  to  the  values  of  the  corresponding  constants  of  Dg  accepted  in 
the  paper  [417].  This  proves  that  the  values  of  the  rotational  con¬ 
stants  of  Dg  obtained  in  the  paper  [417]  are  more  satisfactorily  for 
the  calculation  of  the  thermodynamic  functions  as  those  found  in  the 
paper  [4329] . 

The  values  of  the  molecular  constants  of  Dg  recommended  in  the 
paper  [417]  are  quoted  in  Table  28.  They  were  used  in  the  present 
Handbook  for  determining  the  molecular  constants  of  DT  and  Tg. 

The  vibrational  constants  recommended  in  the  paper  [4329]  (see 
Table  28)  are  accepted  in  the  present  Handbook  for  the  description  of 
the  lower  levels  of  the  vibrational  energy  of  the  Dg  molecule  (v  <  7), 
and  the  constants  of  Eq.  (VI. 1)  are  used  to  describe  the  upper  levels 
of  the  vibrational  energy  (v  >  7).  The  values  calculated  in  paper 
[4329]  and  the  corrected  value  of  the  constant  Pg,  quoted  in  Table  28, 
are  accepted  in  the  Handbook  for  the  rotational  constants  of  Dg. 

HT,  DT,  Tg.  Only  band  systems  related  to  transitions  between  ex¬ 
cited  electronic  states  have  been  observed  5.n  the  spectra  of  the  HT, 

DT  and  Tg  molecules  [1347,  1348,  1333].  Similar  band  systems  are  well 
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known  in  the  spectra  oi  the  H2,  HD  and  D2  molecules. 

Although  experimental  data  on  the  electronic  ground  states  of  the 
HT,  DT  and  T2  molecules  were  not  obtained,  it  is  indubitable  that,  as 
well  as  in  the  case  of  the  Hg  HD  and  D2  molecules,  they  must  be  ^2* 
states,  and  that  the  values  of  the  molecular  constants  of  the  electro¬ 
nic  ground  state  of  HT,  DT,  and  T2  may  be  calculated  by  means  of  the 
isotopic  relations  on  the  basis  of  the  molecular  constants  of  I^,  HD 
and  D2  with  approximately  the  same  accuracy  as  the  latter  were  deter¬ 
mined  on  the  basis  of  experimental  data.  Calculations  of  this  type 
have  been  performed  for  the  first  time  by  Libby  [2607,  2608]  and  Jones 
[2306,  2307]  in  the  case  of  the  vibrational  constants  of  HT,  DT,  and 
T2.  The  calculations  of  these  authors,  however,  were  based  on  obsolete 
values  of  the  molecular  constants. 

In  the  paper  by  Tverdovskiy,  Khachkuruzov  et  al.[4l7],  it  was 
shewn  that,  using  the  isotopic  relations  (1.43)  for  the  calculation  of 
the  molecular  constants  of  HT,  DT  and  T2,  the  experimental  data  of 
the  corresponding  constants  of  the  HD  and  D2  molecules  and  not  of  the 
H2  molecule  must  be  applied  (see  page  90).  The  molecular  constants  cf 
HD  (see  Table  27)  were  xised  in  paper  [417]  for  the  calculation  of  the 
molecular  constants  of  HT,  and  the  corresponding  constants  of  D2  for 
the  calculation  of  the  molecular  constants  of  DT  and  T2  (see  Table  28]. 
It  must  be  noted  that,  besides  the  isotopic  relations  (1.43),  also 
Eqs.  (I.l4a)  and  (1.14b)  have  been  applied  in  the  paper  [417]  for  the 
calculation  of  the  vibrational  constants  of  the  HT,  DT  and  T2  mole¬ 
cules;  the  latter  equations  made  it  possible  to  determine  such  values 
of  the  vibrational  constants  of  the  HT,  DT  and  T2  molecules,  which 
satisfactorily  describe  the  high  vibrational  levels  near  the  dissocia¬ 
tion  limits  of  the  corresponding  molecules. 

The  values  of  the  vibrational  and  rotational  constants  of  the  HT, 
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DT  and  Tg  molecules,  calculated  in  paper  [417]  are  accepted  in  the 
present  Handbook  and  are  quoted  in  Table  29. 

TABLE  29 

accepted  Values  (in  cm"'*')  of  the  Molecular  Con¬ 
stants  of  HT,  DT  and  Tg  in  the  Electronic 

Ground  State 


noctoawuaa 


3599,43 
84,43 7 
1,2216 
0,06061 


2847,74 

53,454 

0,95315 

0,074045 

0,02327 

0,00003363 


2548,36 

42,806 


0,001297 

0,00001601 


40,5967 

1,67090 


0,0023627 


25,394 

0,826633 

0,011905 

0,00073116 


20,3358 

0,59239 

0,0076350 

0,0004t96 


5,1851-10'* 
0,096212-10'* 
0,0023736: 10" 


3,58334-10**  1,8403-10-* 

0,01305-10-*  0,005999-10-* 


13,310-10** 


2,0378-10-* 


A)  Constant. 


§28.  THERMODYNAMIC  FUNCTIONS  OF  GASES 

The  thermodynamic  functions  of  the  gaseous  hydrogen  and  its  iso¬ 
topes  (monatomic  neutral  and  charged  gases,  and  diatomic  gases)  cal¬ 
culated  without  allowing  for  the  intramolecular  interaction,  are  quot 
ed  in  the  Tables  7-10,  17-20  and  26-19  of  the  Ilnd  volume  of  the 
Handbook.  The  thermodynamic  functions  of  H,  H+,  H“  and  Hg  are  calcu¬ 
lated  for  the  temperature  range  of  from  293*15  to  20,000°K,  and  those 
of  the  other  substances  for  the  range  from  293.15  to  6000°K. 


In  the  introduction  to  the  present  chapter  it  was  noted  that  the 
difference  in  the  values  of  the  thermodynamic  functions  of  the  cor¬ 
responding  compounds  of  protium  and  natural  hydrogen  lies  beyond  the 
limits  of  the  accuracy  of  the  determination  of  these  functions.  Owing 
to  this  fact,  separate  tables  for  diatomic  protium  and  for  the  natural 
mixture  of  diatomic  hydrogen  are  not  given  in  the  Ilnd  volume  of  the 
Handbook,  as  well  as  there  are  no  separate  given  tables  for  H^O  and 
H20,  OH1  and  OH,  but  only  tables  for  I^,  HgO  and  OH.  Nevertheless,  a 
table  of  the  thermodynamic  properties  of  monatomic  protium  (Table  17), 
besides  the  table  of  the  thermodynamic  properties  of  monatomic  natural 
hydrogen  (Table  7)  is  given  in  tne  Ilnd  volume.  The  thermodynamic 
properties  of  protium  are  used  for  calculating  the  equilibrium  con¬ 
stants  of  the  dissociation  reactions  of  H^T,  H^DO,  H^TO  and  H^D. 

For  the  purpose  of  taking  into  account  the  intramolecular  inter¬ 
action  in  the  values  of  the  thermodynamic  functions  of  the  diatomic 
hydrogen,  the  values  of  the  virial  coefficients  of  and  of  their 
derivatives  with  respect  to  temperature  are  given  in  Table  387(H). 

H.  The  thermodynamic  functions  of  the  monatomic  hydrogen,  quotes 
in  Table  7(11),  are  calculated  by  Eqs.  (11.22)  and  (11.23)  for  the 
temperature  range  from  293*15  to  20,000°K.  The  values  of  the  constants 
A^  and  A-.,  quoted  in  Table  30,  have  been  assumed  for  the  calculation 
of  the  translational  components  of  the  thermodynamic  functions  of  H; 
the  electronic  components  have  been  calculated  on  the  basis  of  the  va¬ 
lues  quoted  in  Table  24  by  immediate  summation  over  the  energy  levels 
on  a  high-speed  electronic  computer.  The  calculation  has  been  carried 
out  taking  into  account  a  finice  number  of  hydrogen  states  correspond¬ 
ing  to  the  method  stated  in  §6. 

In  order  to  simplify  the  calculation,  below  13,600°K,  all  energy 
levels  with  values  of  the  principal  quantum  number  n  <  12  have  been 


taken  into  account.  Owing  to  the  high  excitation  energies  of  the  hy¬ 
drogen  atom  levels  with  n  >  6,  the  error  casued  by  alllowing  for  addi¬ 
tional  -level  s,  corresponding  to  n  =  10,  11,  and  12,  is  negligible  at 
13,600  °Kj  its  maximal  value  does  not  exceed  0.00002-0.00003  cal/ 
/g-atom* degree  in  the  values.  At  temperatures  higher  than  13,600°K, 
all  energy  levels  with  values  n  <  13  have  been  taken  into  account. 

The  inaccuracies  of  the  values  of  thermodynamic  functions  of  mona¬ 
tomic  hydrogen  calculated  this  way,  are,  at  temperatures  below  10, 000°K 
caused  mainly  by  the  inaccuracy  of  the  physical  constants  and  do  not 
exceed  0.002  cal/g-atom* degree  in  the  <5^,  values.  At  higher  temperatures 
the;  errors  become  effective,  caused  by  the  approximate  method  of  de¬ 
termination  of  the  maximum  of  the  principal  quantum  number.  An  error 

.  * 
of  £1  (at  n  =  13)  results  in  inaccuracies  of  the  values  equal  to 

0.02  and  0.12  cal/g-atom* degree  at  13,000  and  20, 000°K,  respectively. 

The  thermodynamic  functions  of  monatomic  hydrogen  have  been  cal¬ 
culated  earlier  in  a  number  of  papers,  from  which  the  recently  per¬ 
formed  calculations  by  Huff,  Gordon  and  Morrell  [2142]  (up  to  6000°K), 
of  the  Bureau  of  Standards  U.S.  [3680]  (up  to  5000°K)  and  of  Kolsky 
and  coauthors  [2462]  (up  to  8000°K)  may  be  mentioned.  The  results  of 
all  these  calculations  are  conform  with  each  other  and  also  with  in 
the  values  quoted  in  Table  7(H)  with  an  accuracy  depending  on  the 
difference  of  the  physical  constants. 

H  ,  D,  T.  The  thermodynamic  functions  of  monatomic  protium,  deu¬ 
terium  and  tritium,  quoted  in  Tables  17(11),  (18(11)  and  26(11),  are 
calculated  for  the  temperature  range  of  from  293*15-6000°K. 

The  values  of  the  const  ants  A^  and  Ag,  assumed  in  the  calcula¬ 
tion  of  the  translational  components  of  the  thermodynamic  functions 
of  these  gases,  are  quoted  in  Table  3C.  Only  the  statistical  weight  of 
th^  electronic  ground  state  of  the  corresponding  atoms  has  been  taken 
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into  account  when  calculating  the  electronic  components  of  the  ther¬ 
modynamic  functions  of  H1,  D  and  T,  because  the  contributions  of  the 
excited  electronic  states  of  h\  D  and  T  to  the  partition  functions 
and  their  derivatives  with  respect  to  the  temperatures  are  negligible 
at  T  <  6000°K. 

TABLE  30 

Values  of  the  Constants  and  Ag  for  the  Calculation 
of  the  Translational  Components  of  the  Thermodynamic 
Functions  of  H,  H1,  H+,  H~,  D,  T,  Hg,  HD,  D2,  HT,  DT, 
and  T2 


A 

A* 

A 

Iokctio 

A*  j 

As  1 

H 

—7,2598 

-2,2916 

H, 

-6,5711 

—1,6029 

H* 

—7,2602 

—2.2921 

HD 

-3,9856 

0,9623 

H* 

-7,2618 

-2,2937 

0* 

-3,1288 

1,8391 

H* 

—7.2583 

-2.2901 

HT 

—3,1320 

1,8359 

D 

—5.1962 

-0,2281 

DT 

— 2,4667 

2,5012 

T 

-3.9926 

0,9755 

T, 

—1,9253 

3,0426 

A)  Substance;  B)  cal/g-atom* degree;  C)  cal/mole* de¬ 
gree. 

The  difference  in  the  values  of  the  thermodynamic  functions  of 
monatomic  hydrogen  (natural  mixture  of  isotopes)  and  protium  in  the 
temperature  range  of  from  293*15  to  6000°K  is  caused  by  the  difference 
of  the  atomic  weights  of  H  and  H1  and  amounts  to  0.0004  cal/g-atom* de¬ 
gree  for  <3>*. 

The  thermodynamic  functions  of  the  monatomic  protium  and  deuterium 
have  been  calculated  earlier  by  Goff,  Gratch  and  van  Voorhis  [178?] 
for  temperatures  of  from  55*5  to  2777* 8°K.  The  difference  between  the 
values  of  S^qqq  for  H  and  D,  calculated  in  paper  [1787]  and  those  quo¬ 
ted  in  Tables  17(H)  and  18(11)  amounts  to  0.024  cal/g-atom* degree  and 
is  caused  mainly  by  the  difference  in  the  assumed  values  of  the  physical 
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constants. 

The  thermodynamic  functions  of  proton  gas,  quoted  in  Table 
are  calculated  for  the  temperature  range  from  293. 15  to  2G,000°K. 
Th^^ermodyiiamic  functions  of  this  gas  are  practically  identical  with 
the^ranslational  components  of  the  neutral  monatomic  protium  because 
the  proton  does  not  possess  an  electron  shell. 

K  The  thermodynamic  functions  of  proton  gas  are  published  for  the 
first  time. 

'  H“.  The  thermodynamic  functions  of  the  negative  ion  of  the  mona¬ 
tomic  hydrogen,  quoted  in  Table  9(H)  j  are  calculated  for  the  temper¬ 
ature  range  from  293*15  to  20,G00°K.  The  values  of  the  constants  A^ 
andAg,  assumed  for  the  calculation  of  the  translational  components  of 
the  thermodynamic  functions  of  H“,  are  quoted  in  Table  30.  The  elec¬ 
tronic  components  of  the  thermodynamic  functions  of  K”  are  equal  to 
zero,  because  the  H~  ion  obviously  does  not  possess  discrete  excited 
electronic  states,  and  the  state  is  its  ground  state  (see  page  333). 

-  The  thermodynamic  functions  of  the  negative  hydrogen  ion  are  pub¬ 
lished  for  the  first  time. 

JL,.  The  thermodynamic  functions  of  the  diatomic  hydrogen,  quoted 
in  Table  10(11),  are  calculated  by  Eqs.  (11.34)  and  (II. 35)  for  the 
temperature  range  of  from  293*15  to  20, 000°K. 

The  values  of  the  constants  A^  and  Ag  assumed  for  the  calculation 
of  the  translational  components  of  the  thermodynamic  functions  of 
are  quoted  in  Table  30.  The  partition  function  of  the  vibrational-  ro¬ 
tational  states  and  xts  derivative  with  respect  to  the  temperature  is 
calculated  for  the  electronic  ground  state  of  the  molecule  by  means 
of  immediate  summation  over  the  levels  of  the  vibrational  and  rotation¬ 
al  energy  on  a  BESM  electronic  computer.  The  experimental  values  of 
the  energy  of  vibrational  levels  of  H^,  quoted  in  Table  25,  are  used 
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for  these  calculations.  The  values  of  the  levels  of  the  rotational  en- 
errj  are  calculated  for  each  vibrational  state  of  H2  by  means  of  Eq. 
(1.18)  using  the  values  of  rotational  constants  assumed  in  Table  26. 
The  maximum  values  of  J  for  each  v  are  adopted  from  the  paper  by 
Woolley,  Scott  and  Bricwedde  [4329]  in  which  an  analysis  of  the  ef¬ 
fective  potential  curves  of  the  Hg  molecule  is  performed,  and  the  J 
versus  v  graph  is  given  (Fig.7)«  Calculating  the  partition  function  of 
the  vibrational-rotational  states  and  its  derivative  with  respect  to 
temperature,  the  summation  was  carried  out  over  the  levels  of  the  ro¬ 
tational  energy  of  Hg  corresponding  to  J  =  0,  1,  2,  ...,  J^y.  The 

* 

symmetry  of  the  molecule  is  taken  into  account  in  the  <tT  and  S£  values 
by  the  addend  K  In  2. 


Fig. 7.  as  a  function 

°  A  max  -j  , 

of  v  for  the  n?  elec¬ 
tronic  state  of  the  Hg 
molecule. 


Owing  to  the  fact  that  the  excita¬ 
tion  energies  of  the  excited  states  of 
the  Hg  molecule  are  very  high  (they  ex¬ 
ceed  90,000  cm"1),  the  excited  elec¬ 
tronic  states  are  not  taken  into  acc¬ 
ount  in  the  calctilation  of  the  thermo¬ 
dynamic  functions  of  diatomic  hydrogen, 

quoted  in  Table  10(11).  The  contribu- 

* 

tion  of  these  states  to  the  ^  value 
however,  amounts  to  0.07  cal/mole* de¬ 
gree  at  20,000°K  owing  to  the  great 
number  of  excited  electronic  states  of 


* 

The  inaccuracies  of  the  values  quoted  in  Table  10(11)  do  not 
exceed  0.01  eal/mole • degree  at  T  <  8000°K.  They  are  caused  mainlyby 
the  inaccuracy  of  the  physical  constants,  and,  at  low  temperatures,  by 
the  neglect ion  of  the  ortho  and  para  states  of  H0.  -Above  3000°K,  the 
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uncertainties  of  the  calculated  values  of  the  functions  increase  and 
obtains  0. 1-0. 2  cal/mole • degree  at  20,000°K.  These  inaccuracies  are 
caused  mainly  by  the  neglection  of  the  excited  electronic  states  of 
bhd  Hg  molecule  in  the  calculations. 

The  ^tables  of  the  thermodynamic  functions  of  have  been  calcu- 
latedsfor  the  first  time  by  the  method  of  immediate  summation  by 
Giauque,:(:d709]  (S|)  and  Davis  and  Johnston  [1274]($*)  up  to  5000°K. 
Obsolete  values  of  the  physical  constants  have  been  used  in  the  cal¬ 
culations  undertaken  by  these  authors.  Moreover,  the  molecular  con¬ 
stants  of  Hg,  used  for  the  calculation  in  the  papers  [1709,  1274]  un¬ 
satisfactorily  describe  the  higher  vibrational  and  rotational  levels 
of  the:  ground  state.  Wagman  et  al.  [4122]  recalculated  in  1945  the 
thermodynamic  functions  of  Hg,  given  in  the  papers  [1709,  1274]  on 
the  basis  of  the  new  values  of  the  physical  constants.  The  results  of 
the  Calculations  by  Wagman  et  al.  at  temperatures  of  3000°K  are  con¬ 
forming  satisfactorily  (within  0.01  cal/mole ‘degree)  with  the  values 
quoted  in  Table  10(11).  At  higher  temperatures,  the  divergences  in¬ 
crease  and  obtain  0.1  cal/mole ‘degree  in  the  S^qqq  values.  This  ac-  * 
counts  for  the  fact  that  an  accurate  allowing  for  the  energy  levels 
near  the  dissociation  limit  plays  an  essential  part  at  high  tempera¬ 
tures.  The  best  calculation  of  the  thermodynamic  functions  of  H2  in 
this  respect,  published  in  literature,  is  that  by  Woolley,  Scott  and 
Bricwedde  [4329]  for  temperatures  up  to  5000°K.  The  authors  of  paper 
[4329]  calculated  the  thermodynamic  functions  of  Hg  by  immediate  sum¬ 
mation,  taking  into  account  a  finite  number  of  levels  of  the  vibra¬ 
tional  and  rotational  energy.*  Choosing  the  molecular  constants  of  H0 
for  the  calculation  of  the  thermodynamic  functions  in  paper  [4329], 
their  suitability  for  the  approximation  of  the  energy  of  levels  with 
high  values  of  the  quantum  numbers  v  and  J  was  taken  into  account.  The 
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values  of  the  thermodynamic  functions  of  H2,  quoted  in  Table  10(11) 
and  in  the  paper  [4329],  do  not  differ  more  than  by  0.002  cal/mole* 
•degree  within  the  whole  temperature  interval  up  to  6000°K  (with  ex¬ 
clusion  of  the  values  at  the  lowest  temperatures*).  The  thermo¬ 
dynamic  functions  of  Hg  quoted  in  the  Handbook  of  the  Bureau  of  Stan¬ 
dards  of  the  U.S.  [3680]  and  in  the  review  [2142]  are  almost  similar 
to  those  calculated  by  Woolley,  Scott  and  Bricwedae  [4329]. 

Fickett  and  Cowan  [1555]  performed  an  approximate  calculation  of 
the  thermodynamic  functions  of  up  to  12, 000°K.  The  significant  di¬ 
vergences  between  the  thermodynamic  functions  of  given  in  the  pa¬ 
per  [1555]  and  in  Table  10(11)  (up  to  0.2  cal/mole* degree)  are  ex¬ 
plained  first  of  all  by  the  approximate  character  of  the  calculations 
in  paper  [1555]  (see  page  320). 

HD,  D2.  The  thermodynamic  functions  of  the  protodeuterium  and 
diatomic  deuterium,  quoted  in  Tables  19(H)  and  20(11),  are  calcula¬ 
ted  by  Eqs.  (11.34)  and  (11-35)  for  the  temperature  range  of  from 
293.15  to  6000°K. 

The  values  of  the  constants  and  Ag  assumed  for  the  calcula¬ 
tion,  are  quoted  in  Table  30.  The  partition  functions  of  the  vibra¬ 
tional-rotational  states  of  the  electronic  ground  state  of  HD  and  D-, 
and  their  derivatives  v.’ith  respect  to  the  temperature  are  calculated 
by  immediate  summation  over  the  levels  of  the  vibrational  and  rotation¬ 
al  energy  for  T  =  298.15,  400  (100),  1000,  1500,  and  2000°K  by  Woolley, 
Scott  and  Bricwedde  [4329J,  and  for  T  =  293.15,  2000,  2500,  3000,  4000, 
5000,  and  6000°K  by  the  authors  of  this  Handbook.  The  tables  19(11) 
and  20(11)  are  compiled  on  the  basis  of  the  results  of  these  calcula¬ 
tions  by  means  of  interpolation. 

Both  calculations  take  into  account  a  finite  number  of  levels  of 
the  vibrational  and  rotational  energy  of  HD  and  Dg,  identical  values  of 
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stants  of  Dg  are  used.  The  levels  of  the  rotational  energy  are  calcu¬ 
lated  by  Eq.  (I.l8)  and  the  constants  are  quoted  in  Tables  27  and  28. 

The  levels  of  the  vibrational  energy  of  HD  are  calculated  on  the  ba¬ 
sis  of  the  constants  recommended  by  Woolley,  Scott  and  Bricwedde 
[43293  (see  Table  27).  The  levels  of  the  vibrational  energy  of  D2  with 
v  <  7  are  calculated  by  means  of  the  vibrational  constants  assumed  in 
paper  [4329]  (see  Table  28).  The  levels  of  the  vibrational  energy  of 
Dg  with  v  >  8  are  calculated  by  using  the  interpolation  formula  (VI. 1). 
The  same  values  of  the  rotational  constants  as  in  paper  [4329],  with 
exclusion  of  the  constant  0g  (see  footnote  to  Table  28),  c:e  used  for 
the  calculation  of  the  levels  of  the  rotational  energy  of  Dg. 

In  spite  of  the  difference  in  the  assumed  values  of  the  vibra¬ 
tional  constants  of  Dg,  the  values  of  the  partition  functions  of  the 
vibrational-rotational  states  and  of  their  derivatives  with  respect 
to  temperature,  calculated  in  the  present  Handbook,  coincide  fully  at 
T  =  2000°K  with  the  values  given  in  the  paper  by  Woolley,  Scott  and 
Bricwedde  [4329]. 

The  excited  electronic  states  of  the  HD  and  Dg  molecules  are  not 
taken  into  account  in  the  calculation  of  the  thermodynamic  functions, 
because  their  contribution  is  very  small  at  T  <  6000°K. 

The  inaccuracies  of  the  calculated  thermodynamic  functions  of  HD 
and  Dg  are  caused  by  the  inaccuracy  of  the  values  of  physical  and  mo¬ 
lecular  constants  of  these  gases,  used  in  the  calculation.  The  inac- 
curacies  of  the  <fcT  values  amount  to  approximately  0.001;  0.C1  and 
0.03  cal/mole* degree  at  298. 15,  3000  and  6000°K,  respectively.. 

The  thermodynamic  functions  of  HD  and  Dg  have  been  calculated 
earlier  by  Urey  and  Rittenberg  [4041]  (3>^,  T  <  700°K),  Johnston  and 
Long  [2281]  (T  <  3000°K),  Libby  [2607]  (<*>£,  T  <  773.15°k),  and  Woolley, 
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Scott  and  Bricwedde  [4329]  (T  <  2000°K).  The  latter  paper,  as  was  men¬ 
tioned  above,  was  used  for  the  compilation  of  the  Tables  19(11)  and 
20(11).  The  differences  between  the  values  of  thermodynamic  functions 
obtained  in  papers  [4o4l,  2281]*  and  the  values  quoted  in  Tables  19(11) 
and  20(11)  do  not  exceed  0.02  cal/mole» degree  and  may  be  eijqalained  by 
a  certain  difference  of  the  values  of  molecular  and  physical  constants 
assumed  in  the  calculations.  Tne  divergences  between  the  values  ob¬ 
tained  by  Lib.;y  [2607]  and  those  quoted  in  Tables  19  and  20  of  volume 
II  of  the  Handoook  lie  between  0.03  and  0.15  cal/mole* degree  and  may 
be  explained  by  the  approximate  nature  of  the  calculations  in  [2607]. 
The  thermodynamic  functions  of  HD  and  D2  calculated  by  Johnston  and 
Long  [2281]  are  cited  in  the  Handbooks  by  Yusti  [4370]  and  Zeiss  [4384] 
The  ^  values  of  gaseous  HD  and  D^,  based  on  the  results  of  calor¬ 

imetric  measurements  in  [2364],  coincide  within  the  error  limits  of 
their  determination  with  the  values  of  these  quantities  quoted  in 
Tables  19  and  20  of  Volume  II  of  the  Hand.jook. 

HT,  DT,  T2.  The  thermodynamic  functions  of  prototritium,  deuter- 
otririum  and  diatomic  tritium,  quoted  in  Tables  28(11),  29(11)  and 
27(11)  are  calculated  by  Eqs.  (11.34)  and  (11.35)  for  temperatures  of 
from  293.15  to  6000°K. 

The  values  of  the  constants  A ^  and  Ag,  used  in  the  calculations, 
are  quoted  in  Table  30.  The  partition  functions  of  the  vibrational  and 
rotational  states  of  the  electronic  ground  state  of  the  HT,  DT  and  f2 
molecules,  and  their  derivatives  with  respect  to  temperature  are  cal¬ 
culated  by  immediate  summation  over  the  levels  of  the  vibrational  and 
rotational  energy  for  T  =  293. 15;  298. 15;  400;  500;  600;  800;  1000 
(500);  <1000;  5000,  and  6000°K  in  the  paper  [417].  The  values  of  the 
vibrational  and  rotational  energy  levels  are  calculated  by  Eqs. (1.6) 
and  (l.lS),  using  the  molecular  constants  quoted  in  Table  29.  The  va- 


lues  of  the  thermodynamic  functions  of  HT,  DT  and  T2  at  the  other  tem¬ 
peratures  are  found  by  means  of  interpolation  formulas. 

The  inaccuracies  of  the  thermodynamic  functions  of  HT,  DT  and  Tg 
quoted  in  the  II  volume  of  the  Handbook  are  caused  mainly  oy  the  inac¬ 
curacy  of  the  assumed  values  of  molecular  constants.  They  may  be  esti¬ 
mated  as  being  equal  to  0.005;  0.02  and  0.05  cal/mole* degree  at 
298. 15 °;  3000  and  6000°K,  respectively,  for  the  <f>£  value. 

-  At  an  earlier  date,  the  thermodynamic  functions  of  HT,  DT  and  T2 
have;  been  calculated  by  Libby  [2607]  (<J>T  up  to  773.15°K)  and  Jones 
•§2306,  2367]  (up  to  2500°K,  allowing  for  the  nuclear  components).  The 
values  of  the  thermodynamic  functions  of  HT,  DT  and  T2  obtained  in  the 
papers  [2607,  2306,  2307]  conform  with  the  values  of  the  correspond¬ 
ing  quantities  in  Tables  27-29  of  the  II  volume  of  the  Handbook  within 
the  limits  of  differences  caused  by  differences  in  the  assumed  values 
of  molecular  and  physical  constants. 

§29.  THERMOCHEMICAL  QUANTITIES 

In  the  thermochemical  calculations,  H^gas)*,  D2(gas)  and  l’2(gas) 
are  assumed  to  be  the  standard  states  of  hydrogen  and  its  isotopes. 

H(gas),  D(gas)  and  T(gas).  The  values  of  tv  heats  of  formation 
of  the  monatomic  gases  H,  D,  and  T,  assumed  in  the  Handbook,  are  cal¬ 
culated  on  the  basis  of  the  assumed  (see  below)  values  of  the  dissoci¬ 
ation  energy  of  the  corresponding  diatomic  gases:  % 

A/f7*( H, »“)  =  51,632 ±  0,010  kcal/g-<i 

=  52,537  ±0,012  keal/g-alc  . 

AJTf,(T,  s»s)  =  52,938  Jt 0,01 2  kcal/g-ut., .1. 

H+(gas).  The  value  of  the  ionization  potential  of  the  hydrogen 
atom  equal  to  109,678.788  cm"'L  or 

/  (H)  =  313,600  kcal/g-atom, 

recommended  by  Moore  [29^1],  is  assumed  in  the  Handbook.  This  value  is 
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calculated  with  a  very  high  accuracy  on  the  basis  of  the  analysis  of 
the  spectrum  of  monatomic  hydrogen;  its  inaccuracy  amounts  to  about 
1  cal/g-atom.  The  expression 

Atf7#(H+,  )  <=  365,232+0,010  kcal/g-atom. 

corresponds  to  the  assumed  value  of  the  ionization  potential. 

H“(gas).  The  value  of  the  electron  affinity  of  the  hydrogen  atom 
was  determined  by  a  number  of  investigators  on  the  basis  of  quantum- 
mechanical  calculations.  The  analysis  of  the  results  published  up  to 
1958,  enabled  Buchel'nikova  [116]  to  recommend  the  value  A(H)  =  -0.747 
ev,  obtained  by  Henrich  [1992a].  This  value  of  A(H)  is  also  cited  in  a 
number  of  reference  books.  It  corresponds  well  with  the  value  of  A(H) 

=  0.8  +  0.1  ev,  obtained  by  Khvostenko  and  Dukel’skiy  [449a]  by  the 
method  of  surface  ionization,  measuring  the  dependence  of  the  ion  cur¬ 
rent  of  H“  on  the  temperature  of  a  tungsten  filament* 

In  the  present  Handbook,  the  value  of  -O.747  +  0.005  ev,  or 
A  (H)  «=  — 17,2  ±  0,1  kcal/g-atom. 

is  assumed  for  the  electron  affinity  of  hydrogen.  The  value  of  the 
heat  of  formation  of  H~  ions  is,  corresponding  to  this,  equal  to 

A H°f»  (H~.  w»)=34.432  +  0.1  kcal/g-atom. 

H^gas).  The  dissociation  energy  of  the  molecule  was  determined 
by  a  number  of  investigators  on  the  basis  of  a  study  of  chemical  equi¬ 
libria  in  gases  [2055*  851],  measurement  of  the  explosion  pressure  of 
a  Ho  +  Cl2  mixture  [4305],  measurement  of  the  heat  of  recombination  of 
H  atoms  [812],  investigation  of  the  Hg  spectrum  [4300,  1340,  1342,  825 
3436,3435»  802,  80S,  3339] aid  as  the  results  of  quantum-mechanical  cal¬ 
culations  [2207*  2208].  These  investigations  nave  been  analyzed  by 
Beutler  [802,  803].* 

The  most  accurate  value  of  ^(I^)  was  obtained  by  Beutler  [S03]  on 
the  basis  of  the  edge  of  continuous  absorption  in  the  li,  spectrum  cor- 
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responding  to  the  photochemical  decomposition  into  the  H(lswS^?) 

+  H(2s  S.jy2)  atoms.  A  thorough  analysis  of  the  absorption  spectra  of 
para,  hydrogen  and  of  the  normal  miture  of  ortho  with  para  hydrogen  in 
the  region  of  from  950  to  750  A  enabled  Beutler  to  determine  the  edge 
of  continuous  absorption  in  the  H2  spectrum  corresponding  to  the  tran¬ 
sit  ion  from  the  lowest  energy  state  v"  =  0,  K"  =  0,  equal  to  118, 376 

ii 

cm  -  .  Subtracting  the  excitation  energy  of  the  state  of  the  H  atom 
from  this  value,  Beutler  obtained  Dq(H2)  =  36,116  +  6  cm”'1',  to  which 
correspond 

D,(H*)  =  103,264  db  0,020  kcal/.  ole 


The  cited  value  of  D^Hg)  is  assumed  in  the  present  Handbook.  It 
is  veryfied  by  the  results  of  a  thorough  investigation  of  the  system 
of  electronic  bands  of  carried  out  by  Herzberg  and  Howe  [2032].* 
TABLE  31 

Assumed  Values  (in  cal/mole)  of  the  Thermochemical  Quan¬ 
tities  of  Gaseous  Hydrogen  and  Its  Isotopes 


1 

Dciucct>o 

D. 

A«V. 

*«*/-, 5.  a 

H 

SI  632 

52  036 

52104 

.  1456 

1461 

D 

— - 

52537 

529S7 

52990 

1436 

1481 

T 

— 

52938 

533S3 

53390 

1456 

1481 

H* 

313600* 

365232 

367 152 

367183 

1456 

1481 

H* 

17200^ 

34432 

33440 

33423 

1456 

1481 

H, 

103264 

0 

0 

0 

1964 

2019 

HO 

104  090 

79 

80 

75 

1999 

2034 

D, 

105074 

0 

t  0 

0 

2013 

2057 

HT 

104395 

175/ 

;  1/176' 

175 

2004 

2038 

DT 

105454 

21' 

»  21 

17 

2018 

2053 

T, 

105876 

0 

0 

0 

2023 

2058 

a)  The  value  of  the  ionization  potential  of  the  H  atom  is 
given. 

b)  The  value  of  the  energy  of  electron  detachment  from  the 

H”  ion  is  given. 

1)  Substance. 


I© (gas)  D2(gas),  HT(gas),  DT(gas),  Tg(gas).  The  values  of  the 
dissociation  energies  of  the  HD,  Dg,  HT,  DT  and  Tg  molecules,  accepted 
in  the  Handbook,  are  calculated  by  Eq.(IV.17)  using  the  assumed  values 
of  Dq ( Hg )  and  the  molecular  constants  of  these  molecules  (see§27): 

Do  (HD)  =  104.090  ±  0,023  kcal/molc* 

D#  (D,)  =  1 05,074  ±  0,023  kcal/mole*. 

Do(HT)=  104,395  ±  0,023.  kcal/mole. 

Do(DT)  —  105,454  +  0,023  kcal/mole. 

Da  (Tj)—  105.S76 -4* 0.023  kcal/mole. 

The  following  values  of  heats  of  formation  of  HD,  DT  and  Tg  cor¬ 
respond  to  the  cited  values  of  the  dissociation  energies: 


AW7o{HD,  ra3)  =  0,079  +  0,030  kcal/mole, 
A  fi°f9  (HT,  ro)  =  0,175  +  0.030  k(,al/molc , 
A  //°/0  (DT,  ra3)  =  0,021 +  0,030  --a /mole. 


kanu- 
s  :ript 
Page 
No. 


[Footnotes] 


331  Compounds  of  hydrogen  isotopes  are  also  dealt  with  in  Chap¬ 

ter  7  (oxygen  compounds)  and  in  Chapter  12  (compounds  with 
halogens ) . 

334  In  recent  years,  a  number  of  pages  was  published  dealing 

with  the  investigation  of  the  vibrational -rotational  spec¬ 
trum  of  Hg  arising  in  electric  fields,  under  pressure,  etc., 

(see,  for  example  [3957a,  2379]).  These  papers,  however,  are 
not  interesting  from  the  point  of  view  of  the  calculation  of 
the  molecular  constants  of  Hg. 

336  It  must  be  noted  that  Hersberg  and  Howe  [2032  recommend  in, 

their  paper  values  of  the  vibrational  constants  of  Hg  cal¬ 
culated  by  Stoicheff  [3875]  (see  Table  25),  because  the  au¬ 
thors  of  paper  [2032]  assume  that  the  value  cu  =  4403* 39 

-1  e 
cm  ,  found  by  btoicheff,  comes  nearer  the  true  value. 

340  The  recalculation  of  the  constants  was  caused  by  the  fact 

that  Jeppesen  applied  in  paper  [2240]  the  evolution  of  F  (J) 

p  V 

with  respect  to  (J  +  1)'  and  not  J(J  +  1). 

343  Jeppesen  assumed  in  tne  paper  [224l]  £GV  =  0;-^  —  2o}Q:-:n 
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(v  +  1/2)  +  3a>eye  (v  +  1/2)  ,  the  correct  expression  for 
A Gy,  however,  is 

AG,  «  Am — Am  (o  +  i)  +  A,  (®  +  i?  -  A,  {»  +  !>•  + . . .. 

where 


***•+  ^ “*•*«*• +•«*«  +  •••• 
•  4ii|i|  4*  •  •  •• 


344* 


32^4** 
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355 
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It  was  shown  in  paper  [4171  that,  using  the  isotopic  rela- 
ticis  (1.43)  for  the  calculation  of  the  molecular  constants 
of  or  1  isotopic  variety  of  the  diatomic  hydrogen  by  means 
of  tb  ‘orresponding  constants  of  another  isotopic  variety, 
the  caxculation  results  are  the  more  accurate,  the  lower  the 
difference  between  the  masses  of  the  isotopic  H?  varieties 
in  question  (see  page  90). 


•  B*—  Bi—  1,0623  0,00059  cm'1; 

Bt  —  30,442  af‘;  29,-0.01164  aC' 

In  the  calculations  carried  out  by  immediate  summation  for 
T  >  2000°K  in  paper  [4329],  the  levels  lying  higher  than 

25,000  cm-1  were  unified  for  each  2000  cm-1  to  one  level 
with  a  mean  energy  and  a  summarized  statistical  weight. 

This  is  explainable-  obviously,  by  the  englect  of  the  dif¬ 
ference  between  the  ortho  and  para  states  of  the  H0  molecule. 

If  the  nuclear  spin  components,  taken  into  account  in  these 
papers,  are  excluded  from  the  thermodynamic  functions  of 
HD  and  D^. 

The  difference  between  the  fchermochemical  quantities  of  the 
isotopic  hydrogen  mixtuie  and  of  the  pure  protium  is  very 
small  and  it  is  not  taken  xnto  account  in  this  section. 

The  quantity  was  also  determined  on  the  basis  of  an 

investigation  of  the  dissociating  ionization  of  the  mo¬ 
lecules  under  the  effect  of  electron  impacts  [3984].  The 
obtained  value  (4.4  +  0.3  ev)  conforms  with  those  found  by 
other  methods,  but  has  a  lower  accuracy. 

After  the  preparation  of  the  Handbook  has  been  finished,  the 
results  of  accurate  determinations  of  the  dissociation  en¬ 
ergy  of  the  Hg,  HD  and  D2  molecules,  obtained  by  Herzberg  air! 

Monfils  [2036a],  were  published.  The  edge  of  the  continuous 
absorption  in  the  spectrum  at  850  found  by  Eeutler 

(803],  was  investigated  anew  for  HD  and  D2  by  Herzberg 
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and  Monfils  in  the  sixth  order  of  a  vacuum  spectrograph, 
which  enabled  them  to  measure  the  positions  of  the  indivi¬ 
dual  lines  with  an  accuracy  of  up  to  0.002  A.  It  was  found 
in  the  paper  [2036a]  that  the  upper  state  of  correspond¬ 
ing  to  this  continuum,  is  stable  and  does  not  possess  a  max¬ 
imum  on  the  curve  of  the  potential  energy.  The  dissociation 
limit  of  the  ^  molecule  in  this  state  is,  according  to 

[2036a] ,  equal  to  118,372.1  +  0.2  cm-1  and  corresponds  to 

the  H(1s2S)  +  H(2s2P).  state.  Hence  DQ(H2)  =  36,113.0  +  0.3 

cm"1  was  obtained,  which  corresponds  to  I^Hg)  =  103.2565  + 

+  0.0009  kcal/mole.  This  value  of  ^(Hg)  is  based  on  the 

assumption  that  the  upper  state  of  the  continuum  investiga¬ 
ted  in  paper  [2036a]  is  a  C-*-n  state  of  the  li*  molecule. 

Herzberg  and  Monfils,  however,  do  not  exclude  the  possibili- 

1  + 

ty,  that  this  is  a  B'  Z  state.  In  this  case,  the  value  of 
Dq(H2)  must  be  increased  by  0.6  cm-  (resulting  in  DQ(H2) 

=  103.2582  +  0.0009  kcal/mole). 

After  the  preparation  of  the  Handbook  has  been  finished, 
Herzberg  and  Monfils  [2036a]  found  values  for  Dq(HD)  and 

Dq(D21  based  on  the  investigation  of  the  edge  of  the  con¬ 
tinuous  absorption  of  HD  and  D2  at  850  A,  equal  to  D0(HD) 

=  36,399.9  ±  1  cm”1  and  DQ(D2)  =  36743-6  +  0.5  cm-1  or 
DQ(HD)  =  104.077  ±  0.003  kcal/mole,  and  DQ(D2)  =  105.059  ± 

+  0.002  kcal/mole  (see  also  the  second  footnote  to  page 
358). 

[Transliterated  Symbols] 

BOOM  =  BESM  =  bystrodeystvuyushchaya  elektronnaya  schetnaya 
mashina  =  high-speed  electronic  computer. 


Chapter  7 

COMPOUNDS  OF  HYDROGEN  AND  ITS  ISOTOPES  WITH  OXYGEN 

(HA  HDO,  D*G,  HTO,  DTO,  T|0,  H,0,,  HDO,.  DA.  HO*  OH,  OD,  OT,  OH«,  OH') 

In  the  present  chapter,  the  oxygen  compounds  of  hydrogen  are 
dealt  with:  water,  hydrogen  peroxide  and  their  dissociation  products: 
the  OH  and  HO^  radicals  and  the  0H+  and  0H“  ions  in  gaseous  state. 

The  isotopic  modifications  of  water  (HDO,  DgO,  HTO,  DTO,  TgO)  and  of 
hydrogen  peroxide  (HDOg,  D202),  and  their  main  dissociation  products, 
the  OD  and  OT  radicals,  are  also  dealt  with. 

The  existence  of  several  very  unstable  and  insufficiently  inves¬ 
tigated  oxygen  compounds  of  hydrogen,  such  as  Ihe  higher  hydrogen 
peroxide  Hg04  [339,  308,  307,  233  ,  344,  203,  3453  ,  452]  and  the  ozone¬ 
like  compounds  HO^  [4227,  3454,  3792]  and  H203  [2478],  which  are  not 
dealt  with  in  the  Handbook  is  known.*  Likewise  the  ions  (H20)+  and 
(H20)++  of  the  water  molecule,  and  the  oxonium  ion  (H^O)*,  all  of  which 
are  known  to  exist  on  the  basis  of  data  derived  from  spectroscopic  and 
mass-spectroscopic  investigations  (see  [3403,  2255,  1622]),  are  not 
dealt  with. 

The  organization  of  the  material  in  this  chapter  differs  somewhat, 
from  the  order  used  in  the  other  chapters:  first,  the  saturated  oxygen 
compounds  of  hydrogen  (HgO,  HgOg)  and  their  isotopic  modifications  are 
dealt  with,  and  then  follow  the  dissociation  products  of  these  com¬ 
pounds,  i.e.,  the  radicals  HOg,  OH,  OD,  OT,  and  the  ions  0H+  and  Oil-. 
§30.  MOLECULAR  CONSTANTS 

HgO.  The  spectrum  of  the  water  molecule  is  thoroughly  investiga- 


ted  from  the  microwave  up  the  center  of  the  visible  region  (4-17>500 
cm““)  and  in  the  ultraviolet  region  from  2000  A  up  to  the  ionization 
limit  at  980  A.  The  pure  rotational  spectrum  and  the  >-ands  correspond¬ 
ing  to  vibrational-rotational  transitions  in  the  electronic  ground 
state  lie  in  the  4-17,500  cm"*’1’  region.  A  system  of  bands  corresponding 
to  transitions  from  electronic  states  close  to  the  ionization  limit 
into  the  electronic  ground  state  lies  in  the  ultraviolet  range  (from 
2000  to  980  A).  The  intermediate  spectral  range,  from  5700  to  2000  A, 
is  not  investigated.  This  spectral  range  corresponds  to  transitions 
into  higher  vibrational  levels  of  the  electronic  ground  state. 

The  results  of  the  investigations  of  the  vibrational -rotational 
and  rotational  spectrum  of  HgO,  carried  out  up  to  1944,  are  discussed 
in  the  monograph  by  Herzberg  [152j.  In  the  following  years,  however, 
more  accurate  and  complete  data  was  obtained  in  the  near  infrared  re¬ 
gion  owing  to  the  development  of  the  technique  of  infrared  spectrosco¬ 
py,  a  fact  which  caused  a  revision  of  the  values  of  the  vibrational 
and  rotational  constants  of  the  water  molecule.  The  values  of  these 
quantities,  obtained  by  allowing  for  the  new  spectral  data,  are  quot  .. 
in  the  papers  by  Friedmann  and  Haar  [1615],  and  Benedict,  Gailar  una 
Plyler  [727].  There  are  systematic  divergences,  however,  between  the 
experimentally  found  values  of  the  vibrational  energy  levels  of  the 
r^O  molecule  and  the  values  calculated  on  the  basis  of  the  constants 
found  in  the  papers  [1615,  727] •  These  divergences  are  caused  by  the 
fact  that  the  vibrational  level  energies  of  HgO  are  approximated  in 
[1615,  727]  by  a  square-law  expression  with  respect  to  the  vibrational 
quantum  numbers.  It  was  shown,  however,  in  the  paper  [438]  that  even 
the  lower  levels  of  the  vibrational  energy  of  the  water  molecule  can¬ 
not  be  described  sufficiently  without  taking  into  account  the  cubic 
terms.*  Owing  to  this  fact,  Khachkuruzov  [438,  437]  recalculated  anew 


all  the  vibrational  constants  of  HgO,  which  enter  into  the  total  cubic 
expression  for  the  vibrational  energy  levels  on  the  basis  of  an  ana¬ 
lysis  of  the  most  comprehensive  and  accurate  results  of  the  investiga¬ 
tion  of  the  vibrational-rotational  spectrum  of  HgO,  consecutively 
taking  into  account  the  Darling -Dennison  resonance  between  the  (v1  > 

>  2,  v2,  v^)  and  (v1  —  2,  v£,  v2  +  2)  states. 

The  analysis  of  the  rotational  structure  of  the  H?,0  bands,  ob¬ 
tained  by  devices  with  a  high  dispersion,  was  carried  out  the  first 
time  by  Mecke  and  co-workers  [2831,  690,  1605].  These  authors  ana¬ 

lyzed  5  bands,*  lying  in  the  near  infrared  region,  using  the  results 
of  the  insufficiently  accurate  measurements  by  Plyler  and  Sleator 
[3284,  3267]  (who  used  low-sensitive  heat-bolometers  for  the  record¬ 
ing  of  the  spectrum)  and  12  bands,  **  lying  in  the  11  photographic”  in¬ 
frared  region  (8750-17,500  cm-"1),  using  the  very  accurate  measurements 
of  the  spectrum  of  atomospheric  absorption  of  sunlight,  obtained  by 
Rowland  et  al.  [2256a],  and  the  results  of  the  measurements  of  the 
lines  of  the  v.,  +  vQ  band,  obtained  by  Lueg  and  Hedfeld  [  2671] .  The 
experimental  data  obtained  in  the  papers  [2256a,  2671]  and  the  results 
of  their  analysis  [690,  1605]  have  retained  their  importance  up  to  the 
present.  Later  on,  they  were  verified  and  somewhat  supplemented  by 
the  investigations  of  Yeropkin,  Kondrat’yev  and  Yel ’ yashevich  [188, 
184]. 

In  the  following  years,  the  rotational  structure  of  the  bands  in 
the  vibrational -rotational  spectrum  of  R^O  was  investigated  by  Nielsen 
[3083,  3082],  Mohler  and  Benedict  [293k],  Nelson  and  Benedict  [3039], 
Benedict  and  Plyler  [730,  722,  731] ,  Benedict,  Classen  and  Show 
[72k],  Dalby  and  Nielsen  [1255],  and  Benedict  [721].  The  results  of  the 
analysis  of  the  structure  of  3k  bands  of  H^O  observed  in  absorption 
spectra,***  and  of  the  structure  of  22  ^0  bands  obtained  in  emission 


spectra  have  been  published.  Table  32,  which  quotes  the  most  accurate 
values  of  the  vibrational  level  energy  of  the  molecule  in  the  el¬ 
ectronic  ground  state,  is  compiled  on  the  basis  of  an  analysis  of 
these  data,  carried  out  in  paper  [438]. 

The  values  of  the  vibrational  constants  of  the  HgO  molecules, 
calculated  in  the  papers  [438,  437]  tor  unperturbated  levels  of  the 
vibrational  energy,  and  also  the  values  of  the  constant  W  of  the 
Darling-Dennison  resonance,  accepted  in  the  present  Handbook,  are  quo¬ 
ted  in  Table  33.  The  experimental  values  of  the  energy  of  25  vibra¬ 
tional  levels  of  (see  Table  32)  are  used  in  these  calculations. 

It  was  shown  in  the  papers  [438,  437]  that  the  levels  of  the  vi¬ 


brational  energy  of  which  correspond  to  v-,,  v‘2,  v.  \  5,  are  de¬ 
termined  by  the  vibrational  constants,  quoted  in  Table  33,  with  the 
same  accuracy  as  the  experimental  values  of  these  quantities,  quoted 
in  Table  32. 

When  determining  the  vibrational  constants  of  H^O  on  the  basis 
of  experimental  data,  some  authors  (see  [500,  508])  suggested  that,  in 
the  case  of  1^0,  the  constant  W  of  the  Darling-Dennison  resonance  de¬ 
pends  on  the  vibrational  quantum  numbers  in  the  same  manner  as  the 
constant  of  the  Fermi  resonance  in  the  case  of  C02  (see  page  891).  It 
was  also  suggested  in  the  papers  [4326,  727]  that  besides  the  Darling- 
Dennison  resonance  a  Fermi  resonance  also  takes  place  between  the 
vibrational  states  of  HgO.  Khachkuruzov  [438,  437]  showed  that  both 
these  suggestions  do  not  correspond  to  the  facts  because  they  are  su¬ 
perfluous  when  the  complete  cubic  expression  for  GQ(vi,  v2*  v3^ 
used. 


The  analysis  of  the  rotational  structure  of  a  great  number  of 


bands,  obtained  by  devices  with  high  resolving  power,  made  it  possible 
to  determine  the  experimental  values  of  the  energy  of  th^  rotational 


levels  of  HgO  for  the  vibrational  ground  state  as  well  as  for  many  of 
the  excited  vibrational  states. 

TABLE  32 

Experimental  Values  (in  cm'"1')  of  the  Energy  of 
Vibrational  Levels  of  the  H^O  Molecule  in  Ground 

Electronic  State 


a)  Used  for  calculating  the  vibrational  con¬ 
stants  of  1^0,  quoted  in  Table  33. 


The  levels  of  the  rotational  energy  of  the  vibrational  ground 
state  of  H^O*  were  determined  the  first  time  by  Mecke  and  coworkers 
[2831,  690,  16053  on  the  basis  of  an  analysis  of  the  rotational  struc¬ 
ture  of  bands  in  the  vibrational-rotational  spectrum  of  1^0.  Later 
on,  Randall  and  coworkers  [4335*  3366]  investigated  by  high  resolving 
power  the  purely  rotational  spectrum  of  water  vapor  in  uhe  region  from 
17-8  to  555  cm”1,  which  allowed  the  authors  of  the  papers  [3366,  1754] 


to  determine  230  levels  cl  rotational  energy  of  H20  from  J  =  0  to 
Jt  =  14^.  ^  -*-952  Benedict,  Claasen  and  Show  Investigated  by  means 
of  a  high-dispersion  spectrometer  the  rotational  structure  of  the  v2 
band  laying  in  the  770-2222  cm-’5'  region,  and  determined  very  accurate¬ 
ly  the  position  of  255  levels  of  rotational  energy  of  HgO  up  to  J  = 

=  l8_xx*  Taylor,  Benedict  and  Strong  [3951]*  using  a  multipass  high- 
-temperature  cell,  obtained  a  purely  rotational  spectrum  of  water  va¬ 
por  heated  to  500°C  in  the  region  from  67  to  400  cm-'1',  and  determined 
on  the  basis  of  these  data  the  position  of  83  rotational  levels  from 
Jt  =  ‘  ^8  =  20-9*  a  of  was  wore  accurately  determined 

in  the  paper  [724].*  Subsequent  investigations  of  the  purely  rota¬ 
tional  level  of  water  vapor  in  the  infrared  region  [2696,  io79>  48^] 
coi  ’ob orated  the  values  of  the  energy  of  rotational  levels  of  ^0  in 
the  vibrational  ground  state,  obtained  by  Benedict,  Claassen  and  Show 
[724]. 

In  the  microwave  range,  the  frequencies  of  only  two  lines  of  the 
purely  rotational  spectrum  of  water  vapor,  corresponding  to  the 
5_x  _  6_5  [712,  4008,  1792]  and  22  -  3_2  [2405]  transitions,**  were 
successfully  recorded  and  measured  with  great  accuracy. 

Information  is  also  published  in  literature  dealing  with  the  en¬ 
ergy  of  the  rotational  levels  of  20  excited  vibrational  states  of  the 
Ho0  molecule,  for  which  the  effective  values  of  the  rotational  con¬ 
stants  have  been  determined  in  the  corresponding  papers.  Besides,  the 
analysis  of  the  rotational  structure  of  a  series  of  weak  bands  of  H20 
was  carried,  out,  and  the  values  of  ^he  rotational  constants  of  the  vi¬ 
brational  states  (030),  (HO),  (120),  (200),  (130),  (031),  (210), 
(04i),  (121),  (102),  (131),  (112),  and  (221)  were  determined  in  the 
papers  [2934,  3039>  721]  In  these  papers,  however,  the  values  of  the 
energy  of  rotational  levels  of  HP0  in  the  cited  vibrational  state  are 
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not  quoted 


TABLE  33 

Accepted  Values  (in  cm-1)  of  the  Molecular  Con¬ 
stants  of  KjO  in  the  Electronic  Ground  State 

(o=2) 


Constant 

Value 

Constant 

Value 

«» 

3835.37 

Am 

27,87 

<*» 

1647,59 

’  nA 

al 

-0,89 

«* 

3938,74 

_A 

a2 

+2.68 

Xu 

-45,18 

„A 

ai  . 

-1,26 

Xm 

-17,04 

«u 

+0.16 

Xm 

-44,62 

4 

"  +0.44 

Xu 

-15,14 

4 

+0,03 

Xu 

-19,99 

®12 

•  -0,08 

Xu 

-165,48 

«2J 

-0,29 

.  i hu 

+0.47 

°13 

-0.04 

Mm 

'  -0,60 

4* 

+0,04 

Mm 

-0,45 

Boat 

14,52 

Mum 

—0,10 

«? 

-0,20 

Mm 

-0.10 

4 

+0,16 

Mm 

+1.53 

4 

-6,11 

um 

-0,81 

Cm 

9.28 

Mum 

+0,63 

«? 

—0,18 

Mm 

—1,72 

4 

.  -0.14 

Mm 

+1.17 

4 

-0,12 

V 

76.02 

In  the  papers  of  Mecke  and  coworkers  [2831,  6S0,  1605],  the  ef¬ 
fective  values  of  the  rotational  constants  of  HgO  were  determined  for 
20  vibrational  states  on  the  basis  of  the  quantum-mechanical  theory  of 
the  rigid  asymmetric  top.  Later  on.  Darling  and  Dennison  [1263]  cal¬ 
culated  the  values  of  the  effective  moments  of  inertia,  allowing  for 
the  correction  for  centrifugal  stress,  on  the  basis  of  the  experimen¬ 
tal  data  of  Mecke  and  his  coworkers.  The  results  of  the  calculations 
by  Darling  and  Dennison  [1263],  supplemented  by  the  corresponding  re¬ 
sults  of  Nielsen  [3082,  3083]  for  other  vibrational  states,  were  used 
by  ^erzberg  [152]  in  the  calculation  of  the  constants  of  the  vibration¬ 
al-rotational  interaction,  the  equilibrium  values  of  the  rotational 


constants,  and  the  structural  parameters  of  the  water  molecule. 

After  the  monograph  by  Herzberg  [152]  was  published,  many  of  the 
H20  bands  were  obtained  with  high  resolving  power,  making  it  possible 
to  analyze  their  rotational  structure.  The  microwave  spectra  of  HgO, 

HDO  and  DpO  have  also  been  studied.  On  the  basis  of  an  analysis  of  all 
these  data,  and  taking  into  account  all  the  results  obtained  earlier, 
Benedict,  Gailar  and  Plyler  [727]  determined  anew  the  values  of  the 
rotational  constants  of  1^0  in  the  vibrational  ground  state,  the  va¬ 
lues  of  the  constants  of  the  vibrational-rotational  interaction  and 
also  the  equilibrium  values  of  the  moments  of  inertia  and  of  the  struc¬ 
tural  parameters.  In  the  paper  [727].  however,  the  effective  values  of 
the  rotational  constants  of  HpO,  used  tc  find  the  constants  of  the  vi¬ 
brational-rotational  interaction,  are  not  given,  and  the  complete  set 
of  the  latter  is  also  not  quoted.  The  following  values  (in  cm  -1)  of 
the  rotational  constants  of  the  vibrational  ground  state  of  H20  are 
given  in  the  paper  [727]:  AQ00  =  27.8778  +  0.005;  B000  =  14.5092  + 

+  0.003,  and  CQ00  =  9*2869  +  0.003.*  On  the  basis  of  the  cited  values 
of  the  rotational  const  nts  for  the  vibrational  ground  state,  the  va¬ 
lues  of  the  constants  of  the  vibrational-rotational  interaction,  anu 
corrections  for  gyromagnetic  effects  of  the  electron  motion,  Benedict, 
Gailar  and  Plyler  calculated  the  equilibrium  values  of  the  principal 
moment  of  inertia  and  equilibrium  values  of  the  structural  parameters 
of  H20:  re(0  -  H)  =  0.95718  A;^H-0-H  =  104°3i '23:|,  the  uncertain¬ 
ty  being  determined  as  +0.0003  A  and  +3’,  respectively. 

Khachkuruzov  [444]  calculated  anew  the  effective  values  of  the 
rotational  constants  of  H20  for  these  vibrational  states  for  which 
the  experimental  values  of  the  levels  of  rotational  energy  are  known,** 
allowing  for  a  more  strict  and  accurate  correction  with  regard  to  the 
centrifugal  stress  as  it  was  made  earlier.  On  the  basis  of  the  results 


of  these  calculations,  and  also  taking  into  account  all  values  of  ef¬ 
fective  rotational  constants  of  H20,  the  values  of  the  vibrational- 
rotational  constants  have  been  calculated  in  paper  [444],  and  are  quo¬ 
ted  in  Table  33  and  accepted  in  the  present  Handbook.  These  values 
•together  with  the  values  of  the  rotational  constants  for  the  vibra¬ 
tional  ground  state,  quoted  in  Table  33*  determine  the  effective  va¬ 
lues  of  the  rotational  constants  of  I^O  for  34  vibrational  states  with¬ 
in  the  error  limits  of  their  experimental  determination. 

The  electron  spectrum  of  H^O  in  the  region  from  2000  A  to  the 
ionization  limit  at  980  A*  was  investigated  by  Leif son  [2587],  Rath- 
enau  [3403],  Price  [3321],  Wilkinson  and  Johnston  [4278],  Hopfield 
[2120],  Watanabe  and  Zelikoff  [4l?9]«  These  investigators  determined 
that  two  groups  of  bands  are  observable  in  the  1^0  lectron  spectrum: 
the  first  lying  in  the  region  from  1770  to  1540  A  [ 3403,  2587,  4278, 
2120],  and  the  second  in  the  region  from  1370  to  980  A  [3403,  3321, 
2120].  The  spectral  region  occupied  by  the  first  group  of  bands  was 
investigated  in  devices  with  mean  and  small  dispersion,  and  thus  it 
was  impossible  to  analyze  the  structure  of  this  group  of  bands.  The 
second  group  of  bands  was  analyzed  thoroughly  by  Price  [3321]  in  a 
device  with  a  2.3  A/mm  dispersion.  Price  found  that  these  bands  form 
a  series  similar  to  the  series  in  atomic  spectra,  and  he  suggested  a 
formula  similar  to  the  formulas  for  the  Rydberg  series  for  atomic 
spectra.  Corresponding  to  this  formula,  the  edge  of  the  ^0  bands  in 
the  1370-980  A  region  is  equal  to  101,780  cm-1  or  12.62  ev,  which  con¬ 
curs  with  the  values  of  the  ionization  potential  of  11^0,  determined 
by  the  method  of  electron  impact  [3791,  1622],  and  by  measuring  the 
efficiency  of  the  photoionization  of  water  vapor  [4128],  The  compari¬ 
son  of  the  H?0  terms  in  the  Rydberg  series  formula  with  the  terms  of 
oxygen  allowed  Price  to  prove  that  the  bands  in  the  electron  spectrum 
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of  H^O  investigated  by  him  are  caused  by  transitions  from  a  series  of 
excited  electronic  states  corresponding  to  the  excitation  of  the  elec¬ 
tron  which  does  not  take  part  in  the  formation  of  the  0-H  bond  and 
which  is  localized  on  the  oxygen  atom.  The  existence  of  such  electronic 
states  of  the  water  molecule  was  predicted  earlier  by  Mulliken  [2988] 

O  1 

who  showed  that  these  must  be  triplet-singlet  J  Aj^  states  correspond- 
ing  to  the  electron  configurations  (2  sa^)  [pyb2]  ^pxal^  (2pzbl) 
(nsa-^)*  where  n  =  3>  4,  5*  •••  Frice  [3321]  observed  bands  correspond¬ 
ing  to  the  mentioned  excited  electronic  states  of  H^O  with  n  =  4, 

6,  7,  8  and  9.  The  band  corresponding  to  n  =  3  lies  obviously  within 
the  bands  of  the  first  group  which  was  not  investigated  by  Price. 

It  must  be  assumed  that  aside  from  the  electron  which  does  not 


take  part  in  the  formation  of  bonds,  the  1^0  molecule  possesses  yet  a 
series  of  electronic  states  caused  by  the  excitation  of  electrons 
which  take  part  in  the  formation  of  the  0-H  bonds.  Apparently,  the  min¬ 
imum  excitation  energies  of  these  states  must  be  lower  than  the  mini¬ 
mum  excitation  energies  of  the  electronic  states  investigated  by 
Mulliken  [2988,  2985]  and  Price  [3321].  Indeed,  if  the  excitation  ei  - 

O  *1 

ergy  of  the  (2pzb^) A^  state  may  be  estimated  as  equal  to  ab¬ 
out-  60,000-70,000  cm-1,  the  minimum  energy  of  the  electronic  state, 
caused  by  the  excitation  of  the  bonding  electron,  must  in  its  order 
of  magnitude  be  equal  to  the  energy  of  the  first  excited  state  of  the 
OH  radical,  i.e.,  it  must  be  equal  to  about  30,000  cm"1. 

The  energy  of  the  levels  of  electronic  states  of  11^0  caused  by 
the  excitation  of  the  valence  electrons,  both  participating  in  the 
0-H  bonds  and  not  taking  part  in  the  formation  of  these  bonds,  was 
calculated  by  Niira  [3093]  on  the  basis  of  the  method  of  atom  orbits. 
These  calculations  were  carried  out  in  order  to  explain  the  anomalous 
rotation  of  the  OH  radicals  formed  by  dissociation  of  H-,0  molecules  in 
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the  electric  discharge  under  the  effect  of  electron  impacts.  The  re¬ 
sults  of  the  calculations  hy  Niira  allowed  a  quantitative  interpreta¬ 
tion  of  this  phenomenon  as  well  as  a  prediction  of  its  particularities 
which  were  not  observed  earlier.  It  must  be  noted  that  according  to 
Niira' s  calculations,  the  energy  of  the  first  excited  electronic  state 
of  HgO  was  found  to  be  of  the  same  order  as  that  of  the  OH  radical.* 

pop 

For  the  excited  electronic  states  of  the  type  (2sa^)  [Pyb2J  [Pxai^ 
(2pzb^) (nsa1)°*  A^,  Niira  obtained  excitation  energies  similar  to  the 
experimental  values  found  by  Price  [3321].  Thus,  the  data  on  -he  ex¬ 
cited  electronic  states  of  the  water  molecule,  found  in  the  paper 
[3095]  on  the  basis  of  approximate  theoretical  calculations,  are  in 
accordance  with  the  results  of  the  experimental  investigations.  Thus, 
these  data,  together  with  the  experimental  data  by  Price  [3321]  on  the 
excited  electronic  states  of  1^0,  are  accepted  in  the  present  Handbook 
and  quoted  in  Table  3^. 


TABLE  34 

Levels  of  the  Electron  Energy  of  the  ^0  I-!elecule 
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^COCTORIM 
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C  ““ 

Mt 

1 

0 
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3 
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*B» 

3 

30650  [3095j 

•At:  *Bx 

6 

87600  [3095] 
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e 

33800  [3095] 
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4 
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3 

38560  (3095] 
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2 

91S70  [3095] 

2 
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Mi 

4 

94780  [3321] 

15 

58080  [3095] 

Mi;  Mi 

4 

97320  [3321] 

•At:  'Bx 

A 

62830  [3095] 

V,;  Mi 

4 

98690  [3321] 

M,1  *Bt 

4 

72590  [3095] 

M,:  M, 

4 

99500  [3321] 

•Bx:  *At 

6 

77590  [3095] 

M,;  Mi 

4 

100040  [3321] 

A)  Electronic  states;  B)  statistical  weight. 


The  uncertainty  of  the  values  of  excitation  energies  of  the  ex- 


eiteo  electronic  states  of  K^O,  quoted  in  Table  3^  and  calculated  by 
Hiira  [3095],  may  be  estimated  by  +500  cm-1,  and  the  uncertainty  of 
the  experimental  values,  found  by  Price  [3321]  may  be  +10  cm”1. 

HDO.  The  HDO  molecule  belongs  to  the  symmetry  class  C^.  A  great 
number  of  papers  has  been  published  dealing  with  the  investigation  of 
the  vibrational -rotational  spectrum  of  HDO  in  the  infrared  region 
(from  7  to  1  micron  or  from  1400  to  10,000  cm”1)  and  the  purely  rota¬ 
tional  spectrum  in  the  microwave  region.  The  investigation  of  the  Ra¬ 
man  spectrum  of  HDO  vapor  is  also  known  [3376]. 

The  earlier  investigations  of  the  vibrational-rotational  spec¬ 
trum  of  HDO  [3376,  667,  668,  2050,  2052,  639] >  carried  out  mainly  by 
devices  with  a  low  dispersion, *are  discussed  by  Herzberg  [152]. 

Later  on,  Benedict,  Gailar  and  Plyler  [726,  727]  investigated  the 
vibrational-rotational  spectrum  of  HDO  in  the  region  from  1.5  to  4.2 
microns  (2400-68r>0  cm-1)  by  devices  with  a  high  dispersion.  In  the 
paper  [727],  t  -esults  «?  a  thorough,  investigation  of  the  rotational 
structure  of  9  bands  of  HDO  are  given,  and  the  levels  of  the  rotation¬ 
al  energy  of  the  HDO  molecule  are  determined  in  the  vibrational  staxc-^ 
(000),  (100),  (020),  (001),  ( 030 ),  (Oil),  (200),  (101),  (021)  for 
Jt  from  0Q  to  15  25*  Ih  "the  paper  [726],  the  wave  numbers  of  the  zero 
lines  of  the  corresponding  bands,  and  the  effective  values  of  the  ro- 
taional  constants  of  HDO  in  the  mentioned  states  are  given.  Morer  ar, 
in  this  paper  the  wave  numbers  of  the  zero  lines  of  the  vp  and  •  2+  2v^ 
bands  are  quoted,  obtained  by  the  authors  using  both  earlier  inves¬ 
tigations  of  the  infrared  HDO  spectrum  [639,  2052],  and  also  the  ef¬ 
fective  values  of  the  rotational  constants  of  HDC  in  the  (012)  state. 

The  vibrational  constants  of  the  HDO  molecule  have  been  determin¬ 
ed  earlier  in  the  papers  [2607,  lol5,  727]  ♦  An  analysis  of  these  cal¬ 
culations  was  carried  out  by  Khachkuruzov  [440], 


who  calculated  anew 


the  vibrational  constants  of  EDO. 

Just  as  in  the  case  of  120,  the  complete  cubic  expression  for 
G(v^,  v2,  v3)  must  be  used  for  the  description  of  the  vibrational  en¬ 
ergy  levels  of  the  HDO  molecule.  The  results  of  investigations  of  the 
vibrational -rotational  spectrum  of  HDO,  however,  are  insufficient  for 
determining  the  vibrational  constants  which  enter  into  the  cubic  equa¬ 
tion  for  the  levels  of  the  vibrational  energy.*  In  the  paper  by  Kach- 
kuruzov  [440],  the  values  of  the  vibrational  constants  of  HDO,  enter¬ 
ing  into  the  quadratic  equation  for  the  vibrational  energy  levels,  are 
determined  anew  on  the  basis  of  the  experimental  data  on  the  energy  of 
the  vibrational  states  of  HDO  and  the  frequencies  of  the  normal  oscil¬ 
lations  of  these  molecules,  calculated  by  him  in  the  paper  [438].** 

The  values  of  the  vibrational  constants  of  HDO,  found  in  the  paper 
[440],  are  adopted  in  the  present  Handbook  and  quoted  in  Table  35. 
These  constants  determine  the  unperturbed  levels  of  the  vibrational 
energy  of  the  HDO  molecule.  The  constant  of  the  Fermi  rescr.ance  be¬ 
tween  the  vibrational  states  of  HDO  of  the  form  ( v^,  v0,  v^)  and 
(v^  —  1,  v2  +  2,  v^)  is  equal  to  14.5  _  1.5  cm-1,  according  to  the 
calculations  in  [4401. 

The  values  of  the  rotational  constants,  the  constants  of  the  vi¬ 
brational-rotational  interaction  and  the  centrifugal  stress,  and  also 
the  structural  parameters  of  the  HDO  molecule  are  calculated  by  Bene¬ 
dict,  Gailar  and  Plyler  [727]  on  the  basis  of  an  analysis  of  the  ro¬ 
tational  structure  of  the  HDO  bands  and  the  results  of  investigations 
of  microwave  spectra  of  this  compound  (see  below).  The  values  of  the 
rotqtional  constants  of  HDO  for  the  vibrational  ground  state,  and  the 
values  of  the  constants  of  vibrational -rotational  interaction,  found 
in  the  paper  [727]»  are  accepted  in  the  present  Handbook  and  quoted  in 
Table  35.  The  uncertainty  of  the  AQ00  value  in  the  paper  [727]  is  es- 
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timated  to  be  +0.01  cm-1,  and  the  uncertainties  of  B Q00  and  CQq0  to  be 
+0.003  cm’*1.  The  uncertainties  of  the  accepted  values  of  the  constants 
of  vibrational -rotational  interaction  of  the  same  order  of  magnitude. 
TABLE  35 

Accepted  Values  (in  cm”1)  of  the  Molecular  Constants 
of  HDO  in  the  Electronic  Ground  State  (a  =  1) 


A 

floctoauuaH 
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A 

Ilocioaiiuax 
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„  A 
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Xu 
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„a 

8i 
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«* 

1444.53 

Xu 

—12,91 

„a 

°2 

—0,147 

3888,63 

Ago* 

23,3786 

«? 

0,0125 

*u 

-41,51 

0,253 

Cm 

6,4173 

*n 

—11,90 

<4 

-1,798 

«r 

0.1098 

Xu 

-82,34 

1,087 

_c 

0.0710 

-16.98 

Btu 

9,1020 

JC 

°3 

0,0681 

A)  Constant;  B)  value. 


Benedict,  Gailar  and  Plyler  [727]  have  shown  that  the  equilibri¬ 
um  values  of  the  structural  parameters  of  the  HDO  molecule  concur  with¬ 
in  the  error  limits  v'th  the  values  corresponding  parameters  of  the 
Ho0  molecule. 


A  considerable  part  of  the  pure  rotational  spectrum  of  HDO  lies 
in  the  microwave  region.  A  number  of  lines  of  the  purely  rotational 
spectrum  of  HDO  was  observed  by  Fuson,  Randall  and  Dennison  [1636] 
in  the  infrared  region.  The  frequencies  of  18  rotational  transitions 
in  the  vibrational  ground  state  of  the  HDO  molecule  are  calculated  with 
great  accuracy  on  the  basis  of  microwave  spectra  in  the  papers  [4008, 
3883,  3881,  2684,  699,  4196,  2222,  716,  1822,  3311,  1494].*  Posener 
and  Stranaberg  [3311]  attempted  to  use  the  rt  ults  of  these  measure¬ 
ments  for  the  determination  of  the  values  of  rotational  constants  and 
constants  of  centrifugal  stress  of  the  HDO  molecule.  The  authors  of 
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the  paper  [3311]  based  their  calculations  on  the  formulas  of  second 
approximation  of  the  quantum-mechanical  theory  of  perturbation  for  the 
rotational  energy  levels  of  polyatomic  molecules.  However,  more  accur¬ 
ate  theoretical  bases  for  the  numerical  calculations  than  those  as¬ 
sumed  by  Ponsener  and  Strandberg  [3311]  are  required  for  the  determi¬ 
nation  of  the  rotational  constants  and  the  constants  of  the  centrifu¬ 
gal  stress  of  the  HDO  molecule  on  the  basis  of  the  frequencies  of  ro¬ 
tational  transitions  in  the  microwave  spectrum. 

The  electron  spectrum  of  HDO  was  not  investigated. 

DgO.  Just  as  the  ItjO  molecule,  the  D20  molecule  also  belongs  to 
the  symmetry  class  C2y.  The  vibrational -rotational  absorption  spec¬ 
trum  of  D^O  vapor  was  investigated  with  devices  having  a  high  disper¬ 
sion  by  Barker  and  Sleator  [639] ,  Dickey  and  coworkers  [1331-1334], 
Innes,  Cross  and  Giguere  [2178],  and  Benedj'-'t,  Gailar  and  Plyler  [725 
727].  The  analysis  of  the  rotational  structure  of  the  observed  bands 
allowed  the  determination  of  the  energy  levels  of  the  D20  molecule  in 
the  vibrational  states  (000),  (010),  (100),  (001),  (Oil),  (021),  (200) 
(101),  (210),  (111),  (300)  and  (201).  The  most  thorough  investigation 
of  the  Do0  bands  was  carried  out  by  Benedict,  Gailar  and  Plyler  [725, 
727],  who  obtained  the  absorption  spectrum  of  D20  vapor  in  the  wave¬ 
length  region  from  1.25  to  4.2  microns,  using  spectrometers  which  pro¬ 
vided  a  resolving  power  of  0.2  cm”'*'. 

The  vibrational  constants  of  D?0,  found  by  analysis  of  the  vi¬ 
brational-rotational  spectrum  of  this  molecule,  were  first  quoted  in 
the  paper  by  Friedman  and  Haar  [1615]  in  19f/4.  Earlier,  the  vibration¬ 
al  constants  of  D20  had  been  calculated  ~  •  the  papers  [863,  2404, 

1263]  by  means  of  isotopic  relations  on  the  basis  of  the  vibrational 
constants  of  ^0.  In  the  following  years,  Benedict,  Gailar  and  Plyler 
[727]  and  Khachkuruzov  [440]  calculated  the  vibrational  constants  of 
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D^O  on  the  basis  of  the  results  of  the  investigation  of  spectra  of 
this  molecule.* 

It  was  shown  in  paper  [44o]that  the  available  experimental  data 
must  be  complemented  by  two  theoretical  relations  between  the  frequen¬ 
cies  of  the  normal  oscillations  of  D20  and  HgO,  when  calculating  tba 
values  of  D20  vibrational  constants,  which  enter  into  the  complete 
quadratic  equation  for  unperturbed  vibrational  energy  levels,  and  also 
when  calculating  the  constant  of  the  Darling-Dennison  resonance  bet¬ 
ween  the  vibrational  states  (v^  >  2,  v2,  v^)  and  (v^  —  2,  v2,  v^  +  2).** 
In  this  paper,  the  experimental  values  of  the  energy  of  vibrational 
levels  of  D20,  found  by  Benedict,  Gailar  and  Plyler  [725*  727]*  and 
the  values  of  the  frequencies  of  normal  oscillations  according  to 
[4-39]  are  used  in  order  to  calculate  the  vibrational  constants  of  D2>0. 
The  values  of  the  vibrational  constants  of  D20  found  in  the  paper 
[440],  are  similar  to  the  values  of  the  corresponding  constants  quot¬ 
ed  in  the  papers  [1615,  727] •  The  value  of  42.5  +  1.0  cm-1  was  found 
for  the  Darling-Dennison  resonance  constant  of  DgO  in  [440]. 

The  values  of  the  vibrational  constants  of  D20,  calculated  by 
Khachkuruzov  [440]  are  accepted  in  the  present  Handbook  and  quoted  in 
Table  36.*** 

The  purely  rotational  spectrum  of  D20  in  the  far  infrared  range 
(23-135  microns)  was  investigated  by  Fuson,  Randall  and  Dennison 
[1636].  On  the  basis  of  the  measurement  results  obtained  by  these  in¬ 
vestigators,  the  levels  of  the  rotational  energy  of  D20  in  the  vibra¬ 
tional  ground  state  up  to  =  15  were  determined  in  the  papers  [1636, 
1754].  It  must  be  noted  that  the  frequencies  of  the  purely  rotational 
transitions****  in  the  vibrational  ground  state  of  D20  are  determined 
in  the  papers  [699*  1822,  3311*  1494,  1219]  with  great  accuracy  on 
the  basis  of  microwave  spectra. 
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Benedict,  Gailar  and  Plyler  [727]  determined  the  levels  of  the 
rotational  energy  of  the  D20  molecule  in  the  vibrational  ground  state 
and  in  mine  excited  vibrational  states*  up  to  JT  =  on  the  basis 

of -an  analysis  of  the  fine  structure  of  the  J^O  'bands  obtained  by 
■uhem  on  devices  with  high  dispersion.  More  accurate  values  of  the  vi¬ 
brational  ground  state  are  obtained  in  paper  [727]  than  in  the  papers 
[1636,  175&3*  The  analysis  of  the  rotational  structure  of  the  bands 
allowed  Benedict,  Gailar  and  Plyler  to  determine  the  effective  values 
of  the  rotational  constants  of  'D^Q  in  the  vibrational  ground  and  ex¬ 
cited  states  and  also  the  values  of  the  constants  of  rotational -vibra¬ 
tional  interaction. 

TABLE  36 

Accepted  Values  (in  cm-1)  of  the  Molecular  Constants 
of  DgO  in  the  Electronic  Ground  State  (a  =  2) 
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«? 
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Xu 
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„A 
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*2 
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Xu 
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Am 
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1 
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A)  Constant;  B)  value. 


In  Table  36,  the  values  of  the  rotational  constants  and  the  con¬ 
stants  of  the  vibrational-rotational  interaction  of  the  D20  molecule 
are  quoted,  accepted  in  the  present  Handbook,  and  calculated  by  Bene¬ 
dict,  Gailar  and  Plyler  [7273  on  the  basis  of  the  corresponding  spectral 
data.  They  estimate  the  uncertainty  of  AQqQ  by  +0.01  cm*  and  those  of 
B0oo  ^  C00Q  by  +0.003  cm**1. 
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It  was  shown  in  paper  [727]  that  the  equilibrium  va.lues  of  the 
structural  parameters  of  the  DgO  molecule  concur  within  the  error  li¬ 
mits  with  the  values  of  the  corresponding  parameters  of  the  1^0  and 
HDO  molecules. 

The  electron  spectrum  of  D20  was  not  investigated. 

HTO,  DTO,  T^O.  The  information  on  the  HTO,  DTO  and  T20  spectra 
was  exhausted  by  the  remits  of  investigations  on  the  infrared  spec¬ 
tra  of  the  vapors  of  these  compounds  within  the  region  from  700  to 
7000  cm-1,  obtained  by  Staats,  Morgan  and  Goldstein  [3831]  on  a  low- 
dispersion  spectrometer.  The  frequencies  of  the  centers  of  the  v2  and 
bands  are  quoted  in  paper  L383I]  for  HTO,  the  frequency  of  the  cen¬ 
ter  of  the  band,  for  DTO,  and  the  frequencies  of  the  centers  of  the 
v2  and  bands  and  also  the  wave  numbers  of  the  maxima  of  the  Q 
branch  for  the  and  v^  +  bands,  for  T20. 

Libby  [2607]  calculated  for  the  first  time  the  vibrational  con¬ 
stants  of  HTO,  DTO  and  Tp0  by  means  of  the  isotopic  relations  (I.65) 
on  the  basis  of  the  vibrational  and  force  constants  of  H^O  obtained  by 
Darling  and  Dennison  [1263].  In  the  paper  [440] ,  however,  the  inadmi  - 
sibility  of  using  the  relation  (I.65)  for  the  calcxilation  of  the  an- 
harmonicity  constants  of  asymmetric  isotopic  molecules  on  the  basis  of 
the  corresponding  constants  of  the  symmetric  molecule  is  proved  on  the 

example  of  the  KDO  molecule.  Thus,  the  vaxues  of  the  anharmonicity  con¬ 
stants  of  HTO  and  DTO  molecules,  calculated  by  Libby,  are  incorrect. 
Libby's  T2O  vibrational  constants  and  HTO  and  DTO  normal  vibration 
frequencies  are  inaccurate,  as  the  values  of  the  H2O  constants  used 
by  him  [1263]  are  obsolete. 

The  values  of  the  vibrational  constants  of  H20  are  determined 
more  accurately  in  the  papers  [438,  437]*  On  the  basis  of  these  con¬ 
stants,  Khachkuruzov  [439]  calculated  the  force  constants  of  the  water 
molecule  and  the  frequencies  of  the  normal  oscillations  of  its  isoto¬ 
pic  modifications.  The  frequencies  were  used  by  him  in  the  paper  [440] 
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to  calculate  the  anharmonicity  constants  of  HTO,  DTO  and  T20  by  means 
of  Eq.  (1.65) •  The  anharmonicity  constants  of  TgO  are  calculated  on 
the  basis  of  the  values  of  the  corresponding  constants  of  D20,  and 
the  anharmonicity  constants  of  HTO  and  DTO  on  the  basis  of  the  corres¬ 
ponding  constants  of  HDO,  similar  to  the  manner  used  by  Friedman  and 
Haar  [ 1615] • 

The  values  of  the  vibrational  constants  of  HTO,  DTO  and  l^O,  de¬ 
trained  in  this  way,  are  quoted  in  Table  37*  The  levels  of  the  vi¬ 
brational  energy  of  the  HTO,  DTO  and  TgO  molecules,  calculated  on  the 
oasis  of  these  constants  [440],  are  in  good  accordance  with  the  re¬ 
sults  of  the  measurements  carried  out  by  Staats,  Morgan  and  Goldstein 
[ 38313 . 

Benedict,  Gailar  and  Flyler  [727]  showed  on  the  basis  of  the  an¬ 
alysis  of  the  well  known  spectral  data  for  H^O,  HDO  and  D20  tnat  the 
equilibrium  values  of  the  structural  parameters  of  the  water  molecule 
are  not  changed  by  isotopic  substitution  and  are  equal  to:  re(0  —  H)  = 
--  0.9572  +  0.0003  A;  -  0  -  H  =  104°31  +  3'.  This  makes  it  possible 
to  calculate  the  moments  of  inertia  of  the  HTO,  DTO  and  T20  molecules 
and  the  corresponding  values  of  the  rotational  constants,  which  are 
quoted  in  Table  37. 

In  Table  37,  the  values  of  the  constants  of  vibrational -rotation¬ 
al  interaction  of  HTO,  DTO,  T20  are  also  given,  calculated  by  Eq. 
(1.66).  The  calculations  for  HTO  and  DTO  are  based  on  the  values  of 
the  corresponding  HDO  constants,  accepted  in  the  Handbook  (see  Table 

35) ,  and  those  for  T20  on  the  corresponding  D20  constants  (see  Table 

36) . 
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TAELE  37 


I 

I 


Accepted  Values  (in  on'*1)  of  the  Molecu¬ 
lar  Constants  of  HTO,  DTO  and  TgO  in  the 
Electronic  Ground  State 


A 

'  nocTOuuiiaa 

1 

B 

MoJieKyjta 

HTO  (c  =1) 

DTO  (a  — 1) 

T*0  (3  =  2) 

2367,90 

2359,26’ 

2298,76 

»* 

1370,17 

1115,65 

1015,84 

ifia 

3887,44 

2833,00 

2436,91 

*u 

-29.20 

-28,99 

-15,19 

Xu 

—10,71 

—7,10 

-6,70 

Xu 

-82,29 

-43,70 

-17,81 

Xu  * 

—13,51 

—10,96 

-6,14 

Xu 

—19,04 

—11,30  . 

-7,23 

■  Xu 

—10,82 

-7,86 

-60,25 

A. 

22,300 

13,565 

11,211 

„A 

«1 

0,149 

0,148 

0,142 

„A 

®2 

—1,534 

-0,828 

-0,693 

„A 

®3 

1.08S 

0,420 

0,357 

B. 

6,642 

5,762 

4,877 

4 

0,1*7 

0,116 

0,055 

4  ■ 

— 0,125 

-0,068 

-0,049 

4 

0,012 

.  0,u05 

0,025 

C. 

5,118 

4,044 

3,399 

4 

0,065 

0,064 

0,044 

j  4 

0,061 

0,033 

0,030 

1  * 

0,088 

0,034 

0,032 

A)  Constant j  B)  molecule. 
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HpOg.  In  the  hydrogen  peroxide  molecule  consisting  of  two  OH 
groups  joined  by  an  0-0  bond,  a  retarded  internal  rotation  around  this 
bond  takes  place.  Penney  and  Sutherland  [3218]  showed  on  the  basis  of 
quantum-mechanical  calculations  that  the  position  of  the  0-H  bonds  on 
two  planes  (gauche  configuration)  is  characteristic  for  the  stable 
Ho0o  configuration,  the  angle  qp  between  the  planes  being  similar  in 

£_  C. 

magnitude  to  the  0-0-H  angle  and  equal  to  about  100  .  The  authors  of 
the  paper  [3212]  showed  also  that  the  plane  (cis  and  trans)  eonfigura- 
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tions  of  the  HgOg  rolecule  must  be  unstable,  and  that  tue  heights 
Vc  and  Vt  of  the  els  and  trans  barriers  on  the  curve  of  the  potential 
energy  of  internal  rotation  (see  Fig.  8,  curve  1)  are  unequal  (Vc  > 

>  Vt).  Thus,  two  isomeric  gauche  configurations  of  exist,  and  the 
transition  between  them  may  be  realized  by  a  tunnel  effect  through  the 
trans  barrier  V^.  This  effect  causes  the  line  doubling  in  the 
spectrum  similar  to  the  inversion  doubling  in  the  NK^  spectrum.  The 
subsequent  results  of  spectroscopic  [6l6,  4392,  1729 ,  1732,  624, 

3952,  3731,  3954,  3732,  1543,  1542,  2794],  X-ray  diffraction  [2669, 
486]  and  electron  diffraction  [1739]  investigation,  the  measurements 
of  the  dipole  moment  [2623,  2794]  and  also  repeated  theoretical  cal¬ 
culations  [2563]  corroborated  the  jssumption  of  Penney  and  Sutherland 
with  regard  to  the  stable  configuration  of  the  HgOg  molecule  and  made 
it  possible  to  reject  all  the  other  forms  which  had  been  assumed 
(for  detail  see  [460]). 
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The  values  of  the  structural  parameters  of  the  stable  HpOp  con¬ 
figuration  are  determined  by  electron  diffraction  [1739]*  X-ray  dif¬ 
fraction  [2669*  486]  and  spectroscopical  [4392*  1729*  1732]  investi¬ 
gations. 

The  following  values  of  the  structural  parameters,  recommended  by 
Shumb,  Setterfield  and  Wentworth  [460]  and  also  by  Giguere  and  Liu 
[1736],  are  adopted  in  the  present  Handbook:  rQ_0  =  1.49  ±  0.0] j 
r0-H  =  0#965  -  0,0°5  A;  l_0  -  0  -  H  =  100  +  5°,  and  <P  =  95  ±  10°.  The 
values  of  the  principal  moments  of  inertia,  quoted  in  Table  38  and 
teing  in  accordance  with  the  values  of  the  rotational  constants  deter¬ 
mined  in  the  papers  [4392,  1729]  on  the  basis  of  the  analysis  of  the 
rotational  structure  of  tr-e  infrared  2v1  +  v,-  and  bands,  *  cor¬ 

respond  to  these  parameters.  In  the  same  Table,  the  value  of  I  is 
given,  equal  to  I/4l  ,  according  to  Giguere  and  Liu  [1736]. 

The  stable  gauche  configuration  ..f  the  HpOp  molecuie  belongs  to 
the  Cp  point  group  of  symmetry  and,  correspondingly  the  molecule  po¬ 
ssesses  six  nondegenerate  fundamental  oscillation  frequencies  which 
are  active  both  in  the  -'nfrared  and  in  the  Raman  spectrum.  The  fre¬ 
quencies  Vj,  v2,  and  -f  the  symmetrical  vibrations  of  the  class 
A  correspond  to  the  stretching  of  the  0-H  bonds  (v1),  to  the  deforma¬ 
tion  of  the  0-0-H  angle  (v2),  to  the  stretching  of  the  0-0  bond  (v^) 
and  to  the  torsion  of  OH  groups  around  the  0-0  bend  (v^).  The  frequ¬ 
encies  v,-  and  Vg  of  the  antisymmetric  oscillations  correspond  to  the 
stretching  of  the  0-H  bonds  (v,.)  and  to  the  deformation  of  the  0-0-H 
angle  (v^).  The  infrared  absorption  spectrum  of  hydrogen  peroxide  va¬ 
por  was  investigated  by  Bailey  and  Gordon  [6l6]  (770-4000  cm“^); 
Zunwalt  and  Giguere  [4392]  (835-1340  cm~^),  Gigueie  [1729]  ((>65-5000 
cm-1),  Giguere  and  Bain  [1732,  624]  (400-6650  cm"1)  and  Chin  and  Gi¬ 
guere  [1098a]  (300-400  cm"'1').  The  infrared  spectrum  of  the  liquid  hy- 
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drogen  peroxide  in  the  400-5000  cm-1  region  was  investigated  in  the 
papers  [6l6,  1727 ,  1729*  624].  The  infrared  spectrum  of  crystalline 
supercooled  liquid  hydrogen  peroxide  was  investigated  by  Taylor  [3952] 
in  the  455-4750  cm"'L  region.  Giguere  and  Harvey  [1734]  investigated 
the  spectrum  of  crystalline  and  amorphous  hydrogen  peroxide  in  the 
400-4000  cm”1  region.  In  all  the  investigations,  the  infrared  H202 
spectrum  was  obtained  on  prisma  spectrometers  with  a  lew  or  mean  dis¬ 
persion.  The  oape^s  [•'  .  2,  1729]  are  an  exception,  where,  owing  to 
the  application  of  a  vacuum  spectrometer  with  a  concave  21 -foot  dif¬ 
fraction  grating,  it  was  possible  to  resolve  the  rotational  structure 
of  a  number  of  bands. 

The  Raman  spectrum  of  the  gaseous  no^  investigated.  In¬ 

vestigated  are  the  Raman  spectra  of  liquid  hydrogen  peroxide  [3731, 
3954,  3732],  of  its  aqueous  solutions  [4079,  1258,  4082,  3954]  and 
of  crystalline  hydrogen  peroxidt  see  [460],  page  241,  and  also  [9353 
3732]). 

The  spectrum  of  R~,C>2  vaD  •  in  the  microwave  region  was  obtained 
by  Massey  and  Bianco  [2794].. 

The  attempt  to  interpret  the  vibrational  spectrum  of  H202  on  the 
basis  of  the  two -plane  model  of  the  mole^  ule,  proposed  by  Penney  and 
Sutherland  [3218],  was  first  carried  out  by  Bailey  and  Gordon  [616]. 
These  authors,  however,  had  at  their  disposal  very  scanty  experimental 
data,  and  the  interpretation  of  the  frequencies  proposed  by  them  is 
erroneous,  a  fact  which  was  pointed  out  by  Feher  [1543]  at  the  time. 
Feher  proposed  another  interpretation  of  the  frequencies,  using 

only  the  results  of  the  investigation  of  Raman  s  ,ectra  of  liquid  R^ 
[3731]  and  D2°2  [1542],  and  assuming  cl.so  v1  ~  v,_  and  or-  the 

basis  of  a  romparison  of  the  fundamental  frequencies  of  the  symmetric 
and  antisymmetric  vibrations  of  R.0,  HjS,  IUC0,  C2H2  and  CH2C1?.  Later 
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on,  the  values  of  the  fundamental  frequencies  of  K202  were  determined 
accurately  by  the  investigations  of  Giguere  and  his  coworkers  [4392, 
1729,  624,  1734,  1098a]. 

In  Table  38,  the  values  of  the  fundamental  oscillation  frequen¬ 
cies  of  ti2°2  are  3uafced  as  are  accepted  in  the  present  Handbook. 

The  values  of  the  fundamental  frequencies  of  the  symmetric  vibrations 
(v^  and  v^)  are  not  determined  experimentally,  and  they  art  1  ted  in 
Table  38  on  the  basis  of  an  estimation  made  by  Khachkuruzov  and  Koku- 
shkin  [447].  The  uncertainties  of  the  accepted  values  of  and  v2 
are  estimated  as  +20  cm-1.  The  value  of  the  fundamental  frequency 
is  accepted  according  to  the  data  obtained  by  Taylor  a  1  Cross  [3954] 
freer,  the  Raman  spectrum  of  liquid  hydrogen  peroxide.  The  values  of 
the  fundamental  frequencies  v<-  and  Vg  of  the  asymmetric  vibrations  lis¬ 
ted  in  Table  38,  are  determined  by  Giguere  and  Bain  [1732,  624]  when 
investigating  the  infrared  spectrum  of  H202  vapor.  The  uncertainties 
of  these  values  may  be  estimated  as  equal  to  +5  cm-1.  The  value  of  tn* 
frequency  of  the  torsional  vibration  of  the  molecule,  quoted 

in  Table  38,  vjan  obtained  by  Chin  and  Giguere  [1098a]  v?ho  determine., 
an  intense  infrared  band  with  a  center  at  314  cm“'L  in  the  300-400  cm-" 
(23-33  microns)  region.  The  band  at  575  cm-1,  ear  ~r  referred  to 
[1729,  1728,  1732,  1736],  is  its  first  overtone. 

Many  of  the  investigators  have  attempted  to  determine  the  form  of 
the  potential  energy  curve  of  the  internal  rotation  of  the  mole¬ 

cule  on  the  basis  of  theoretical  calculations  as  well  as  on  that  of  in¬ 
vestigation  ol  spectra.  Penney  and  Sutherland  [3218]  were  the  first  to 
calculate  the  values  0.5  and  1.0  ev  (11. 5  and  23  kcal/mole)  for 
and  V  ,  respectively,  by  the  method  of  electron  pairs.  Later  on,  these 
authors  [3219]  performed  a  more  accurate  calculation,  according  to 
which  =  6  and  v  =  10  kcal/mole.  Lassetre  and  Dean  [2563]  obtained 
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values  of  Vt  and  Vc  of  the  same  order  of  magnitude  on  the  basis  of 
theoretical  calculations.  Luft  obtained  by  calculation  the  values 
V,.  =  1.8,  and  Vc  =  6.9  kcal/mole  [2672,  2675,  2680]  and  =  0.9, 

Vc  =  15  kcal/mole  r 2679] -  Massey  and  Bianco  [2794]  found  VQ  =  323  cal/ 
/mole  on  the  basis  of  the  doubling  of  the  lines  in  the  microwave  spec¬ 
trum,  assuming  that  the  potential  curve  of  the  internal  rotation  in 
the  molecule  is  described  by  a  curve  of  the  form  (II.23O).  Massey  and 
Hart  [2795]  attempted  to  interpret  the  same  experimental  data  [2794] 
using  the  asymmetric  curve  V(q>)  proposed  by  them.  It  was  found  that 
the  microwave  data  alone  was  not  sufficient  to  determine  simultaneous¬ 
ly  the  values  of  Vc  and  V^.  Thus,  Hirrota  [2079]  utilized  oesides  the 
microwave  data  also  the  results  of  investigations  of  the  vibrational- 
rotational  spectra  [4392,  1729,  624].  He  obtained  the  values  Vc  =  I.29 
kcal/mole,  and  V^.  =  O.59  kcal/mole.  As  the  author  noted,  the  uncertain¬ 
ty  of  the  obtained  V£  value  is  very  high. 

TABUS  38 

Accepted  Values  of  the  Molecular  Constants  of  H202,  D202  and 
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V* 
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0,0696 
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DA 
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2661 
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0,514 

3,83 

3,73 

0,1285 

4422 

2 

HDOt 

3595 

1290 

-880 

(270& 

265$ 

m 

0,398 

3,59 

3,6. 

O.O^ 

4422 

1 

a)  Estimated  on  tht  basis  of  the  relation  "v^bioj  “ b)  Esti¬ 
mated  cn  the  basis  of  the  relation  V4(HD0i)  _  -f- v«(DA)  a)  Mo¬ 

lecule.  B)  cm"1  .  C)  g.cm2.  D)  kcal/moie. 


It  follows  from  the  foregoing  that  a  unique  choice  of  the  and 
Vc  values  on  the  basis  of  the  data  available  at  present  is  impossible. 
Owing  to  this  fact,  one  may  assume  that  the  potential  curve  of  the  in- 

-  3  66  - 


temai  rotation  of  the  H202  molecule  can  be  described  approximately  by 
a  simple  cosine  line  of  the  form  (11.230).  In  this  case,  the  effective 
height  of  the  potential  berrier  VQ  may  be  determined  on  the  basis  of 
the  value  ^  (H202,  gas)  =  53.66  +  0.12  cal/mole* degree,  found 

by  Giguere,  Liu,  Dugdale  and  Morrison  [1T3T>  1730]  by  calorimetric 
measurements.  Assuming  n  =  1  (see  curve  2  in  Pig. 8)  the  authors  of 
[1737,  1730]  found  Vq  =  3*5  kcal/mole.  Giguere  and  Liu  [1736],  assum¬ 
ing  n  =  2  (see  curve  3  in  Pig. 8),  found  Vq  =  4.45  kcal/mole.  The  as¬ 
sumption  of  n  =  2  is,  obviously,  more  Justified,  because  in  this  case 
the  two  minima  on  the  curve  of  the  potential  energy  are  miantained. 
Thus,  it  is  assumed  in  the  present  Handbook  that  the  potential  curve 
of  the  internal  rotation  of  the  H202  molecule  is  described  by  £4. (II. 
230),  at  n  =  2.  Using  the  values  of  the  fundamental  oscillation  fre¬ 
quencies,  the  principal  moments  of  inertia  and  the  reduced  moment  of 
inertial  of  the  H2<J2  molecule,  quoted  in  Table  38,  VQ  =  4422  cal/molr 
was  found  by  the  Pitzer  and  Gwinn  method  [3259>  3255]  (see  Eqs.(II. 
236)  and  (II.237)).  This  value  was  accepted  in  the  present  Handbook, 
and  It  is  quoted  in  Table  38. 

According  to  Mulliken  [2989]  the  ^A^  state  is  the  electronic 

ground  state  of  the  i^Og  molecule.  Data  on  excited  electronic  states 

of  Hp0o  are  not  available.  It  is  only  known  that  a  continuous  absorp- 
tion^i§  observed  in  the  region  of  3750-1850  A,  but  it  can  not  be 
identified  with  any  excited  states  of  HpO^  A  survey  on  the  Investiga- 

tio:  of  the  ultraviolet  H^Og  spectrum  is  given  by  Shumb,  Setterfield 

and  Wentworth  [ 460  j . 

D^Og.  Tne  molecule  of  the  deuterium  peroxide  D202,  similar  ir. 
its  structure  to  that  of  the  ^2°2  mo^ecu^e^  belongs  to  the  same  Cn 
point  group  of  symmetry  and  possesses  also  six  fundamental  oscillation 
frequencies.  Similar  to  H,0o,  an  internal  rotation  of  the  OD  groups 
around  the  0-0  bond  is  characteristic  for  Do0  . 


The  infrared  absorption  spectrum  of  vaPor  was  investigated 

by  Bain  and  Giguere  [1732,  624]  in  the  region  from  400  to  5000  cm-1. 

These  authors  determined  the  fundamental  oscillation  frequencies  of 

v2  (unreliably),  v,.  and  v^,  and  also  the  combined  frequencies  v2  + 

and  +  v^.  They  succeeded  in  investigating  the  rotational  structure 

of  the  vc  band. 

5 

The  infrared  absorption  spectrum  of  liquid  and  solid  deuterium 
peroxide  was  investigated  by  Taylor  [3952]  and  Bain  and  Giguere  [624]. 
These  investigations  made  it  possible  to  determine  the  fundamental 
frequencies  Vy  v^,  and  arid  also  a  number  of  combined  frequen¬ 
cies. 

The  Raman  spectrum  of  liquid  deuterium  peroxide  was  investigated 
by  Feher  [1542],  Taylpr  [3953]  (see  also  [460],  page  256])  and  Taylor 
and  Cross  [3954].  These  investigations  made  it  possible  to  determine 
the  fundamental,  frequencies  v 2,  and  of  D202  in  liquid  state. 

The  Raman  spectrum  of  deuterium  peroxide  vapor  was  not  obtained. 

The  microwave  D202  spectrum  was  obtained  by  Massey  and  Bianco 
[279*1-]  in  the  region  from  0.3  to  1-333  cm-1.  These  authors,  however, 
did  not  succeed  in  making  a  sufficient  interpretation  of  the  observed 
lines. 

The  values  of  the  fundamental  oscillation  frequencies  of  the 
D202  molecule,  adopted  in  the  present  Handbook,  are  quoted  in  Table 
38.  The  values  of  the  and  v2  frequencies  cited  in  this  Table  were 
obtained  by  Khaehkuruzov  and  Kokushkin  [44?']  from  the  analysis  of  the 
available  data  on  the  spectra  of  vaporous  and  liquid  hydrogen  and  deu¬ 
terium  peroxide.  The  uncertainties  in  the  values  of  the  v,  and  v0 
frequencies  of  the  D202  molecule,  cited  in  Table  38,  are  assumed  in 
the  paper  [44?]  as  equal  to  +20  cm-'*'.  The  v,  oscillation  frequency  of 
the  D?02  molecule,  referred  to  the  stretching  of  the  0-0  bond,  is  known 
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frcrr.  the  infrared  spectra  [624,  3952]  and  Raman  spectra  [3954,  15^3] 
ol  solid  and  liquid  deuterium  peroxide.  Just  as  in  the  case  of 
a  value  of  88o  cm-*1  was  found  for  the  frequency  in  all  these  inves¬ 
tigations.  Taking  into  account  the  low  dependence  of  the  frequency 
of  the  HgOg  and  molecule  on  the  aggregate  state,  the  same  value 

was  assumed  in  Table  38  for  and  D2°2*  The  uncerfcainty  of  the 

cited  value  of  the  frequency  may  be  estimated  as  equal  to  +10  cm”1. 
The  values  of  the  and  Vg  frequencies  of  the  D202  molecule, 
obtained  by  Bain  and  Giguere  [624]  as  the  result  of  the  investigation 
of  the  infrared  spectrum  of  hydrogen  peroxide  vapor,  are  contained  in 
Table  38.  The  uncertainties  of  the  values  of  the  v  and  Vg  frequen¬ 
cies,  cited  in  Table  38,  may  be  estimated  as  equal  to  +5  and  +3  cm-1, 
respectively. 

The  values  of  the  torsional  vibration  frequency  of  the  Do0^ 
molecule  is  not  determined.  The  values  =  538  cm-1  [3952]  and  480 
cm--1"  [1736]  belong  obviously  to  the  overtone  2v^  because  the  value  of 
314  cm-1  was  found  in  the  paper  [1098a]  for  the  v^.  frequency  of  the 

molecule.  The  value  ^  230  cm"  ,  cited  in  Table  38  for  Dc0.„ 
was  estimated  by  the  authors  of  the  Handbook  on  the  basis  of  empirical 
regularities  obtained  by  Khachkuruzov  and  Kokushkin  [447]  for  the  os¬ 
cillation  frequencies  of  the  H  ,0^  and  D2°2  K‘olecuies* 

The  curve  of  the  potential  energy  of  the  internal  rotation  of  the 
OD  groups  in  the  molecule  possesses  a  form  similar  to  that  of 

the  curve  of  the  potential  energy  of  internal  rotation  of  the  OH  groups 
In  the  H202  molecule  (see  Fig. 8).  Undoubtedly,  it  is  not  a  simple  si¬ 
nusoidal  curve  but  possesses  two  maxima  corresponding  to  the  unstable 


plane  trans  and  ci~  forms  of  the  molecule*  and  Vc  >  as  well  as 

in  the  care  of  Ho0o.  The  values  of  V  and  V,  of  the  D_0o  molecu"  ■>  are 
22  c  t  £  2 


obviously  similar  to  the  values 


of  the 


H202  molecule. 

In  the  present  Handbook,  it  is  assumed  for  D202  (as  well  as  H202) 

that  the  potential  curve  of  the  internal  rotation  may  be  approximated 

by  a  simple  cosine  function  with  two  minima.  Analogically  to 

it  is  also  assumed  in  the  Handbook  that  Vq  =  4422  cal/mole  (see  Table 

38) •  Experimental  data  on  the  structure  of  the  D20o  molecule  is  mis  - 

sing.  In  the  present  Handbook,  the  same  values  as  those  for  H202  are 

assumed  for  the  structural  parameters  of  D202:  rQ_c  =  1.49  +  0.01  A; 

r0-D  =  0,965  ±  °-°°5  AJ  /p  —  0  —  D  »  100  +  5°;  qp  =  95  +  10°.  These 

values  are  used  for  the  calculation  of  the  moments  of  inertia  of  the 

D202  molecule,  quoted  in  Table  38.  The  same  values  of  the  structural 

paramet ..  s  and  moments  of  inertia  of  the  D202  molecule  are  accepted 

by  Shumb,  Setterfield,  Wentworth  [460]  and  also  by  Giguere  and  Liu 

[1736].  The  value  of  I  (see  Table  38)  is  assumed  as  equal  to  1/4 I  , 

pr  n 

as  well  as  in  the  case  of  I^C^. 

HD02.  The  HD02  molecule  is  similar  in  its  structure  to  the 
and  D202  molecules,  but,  in  contrast  to  them,  it  possesses  a  lower 
symmetry  owing  to  the  presence  of  two  different  hydrogen  isotopes  in 
it.  Just  as  ^2^2  and  D2°2*  ®°2  Possesses  six  fundamental  frequencies. 

The  spectra  of  HD02  were  investigated  by  Fsher  [1542],  and  Bain 
and  Giguere  [624].  Feher  [1542]  obtained  the  Raman  spectrum  of  a  li¬ 
quid  mixture  of  I^C^,  D202  and  HD02  containing  the  corresponding  com- 
ponerts  in  the  ratio  1:1:2.  Analyzing  the  obtained  spectrum,  Feher 
proposed  the  following  values  (in  cm  for  the  fundamental  frequen¬ 
cies  of  HD02:  v1  =  3407;  v2  =  l4o£;  --  877;  =  2510,  and  =  1009. 

The  comparison  of  vibrational  spectra  of  H202  HD02  and  D202  led  Feher 
to  the  conclusion  that  the  HD02  spectrum  is  composed  additively  from 
the  H^O,.  and  Do02  spectra.  Bain  and  Giguere  [624]  investigated  the  in¬ 
frared  spectrum  of  a  solution  of  the  mixture  of  ho0o,  D,  0,_  and  I  Ho,  in 
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CClj,  containing  H^O,  D^O  and  HDO.  They  found  for  the  HD02  molecule 
that  the  values  of  both  frequencies  =  3554  and  =  2628  cm-1  coin¬ 
cide  respectively  with  the  oscillation  frequences  of  the  It, 0 2  and 
D202  molecules.  Moreover,  Bain  and  Giguere  found  that  the  frequency  of 
the  valence  vibration  of  the  HDO  molecule,  referred  to  the  stretching 
of  the  0-H  bond,  is  equal  to  the  arithmetic  mean  of  the  and  fre¬ 
quencies  of  the  H^O  molecule,  and  the  frequency  of  the  valence  vibra¬ 
tion  of  HDO,  referred  to  the  stretching  of  the  0-D  bond,  is  equal  to 
the  arithmetic  mean  of  the  and  frequencies  of  the  D^O  molecule. 
This  gave  cause  for  Bain  and  Giguere  to  suggest  that  analogical  real- 
tions  must  be  valid  also  between  the  corresponding  frequencies  of  the 
H^Og,  and  ®°2  n1016011!63*  It  must  be  noted  that  Bain  and  Giguere 

[624],  investigating  the  infrared  spectrum  of  D^O^  vapor,  observed  a 
band  with  the  center  at  981  cm-1  which  they  ascribed  to  the  fre¬ 
quency  of  the  HD02  molecule. 

Calculating  the  thermodynamic  functions  of  gaseous  HD02,  Giguere 
and  Liu  [1736]  assumed  the  following  values  of  the  fundamental  fre¬ 
quencies  (in  cm-1):  (v1  -  36IO;  =  1310;  =  880;  =  450;  v,_  - 

=  2660,  and  Vg  =  980.  The  cited  values  of  the  frequencies  v^,  v 2, 
and  were  obtained  by  Giguere  and  Liu  as  arithmetic  means  of  the 
corresponding  frequencies  of  symmetric  and  antisymmetric  vibrations  of 
the  H2°2  and  D2°2  ra°IecuIes*  For  the  frequency,  referred  to  the 
stretching  of  the  0-0  bond,  Giguere  and  Liu  assumed  the  same  value  as 
for  H20o  and  DpOp,  and  for  the  Vg  frequency  they  assumed  the  value  as¬ 
cribed  to  this  frcqyebct  by  Bain  and  Guguere  [624]  owing  to  an  inves¬ 
tigation  of  the  infrared  spectrum  of  D202  vapor. 

The  values  of  the  fundamental  frequencies  of  the  HD02  molecule, 
accepted  in  the  present  Handbook,  are  quoted  in  Table  38.  These  values 
were  obtained  on  the  basis  of  the  same  consideration  as  in  the  paper 
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[1736]  and  in  accordance  with  the  accepted  values  of  the  fundamental 
frequencies  of  the  Ho02  and  D202  m°lecules*  contrast  to  paper 
[1736],  the  arithmetic  mean  of  the  frequencies  and  of  the  D202 
molecule  is  accepted  for  the  Vg  frequency  of  the  HD02  molecule. 

Just  as  for  H2C>2  and  D202,  of  the  potential  harrier 

of  the  internal  rotation  of  HDO2  is  accepted  as  equal  to  =  4422 
cal/mole. 

In  the  present  Hanacook,  the  same  values  as  those  for  the  HgC^ 
and  I>202  molecules  (see  pages  383  and  389)  are  accepted  for  the  struc¬ 
tural  parameters  of  the  HD02  molecule.  The  corresponding  values  of 
the  principal  moments  of  inertia  and  of  the  reduced  moment  of  inertia 
(lpr  =  l/4lA)  of  the  HDOg  molecule  31*0  quoted  in  Table  38. 

H02.  The  first  direct  proof  of  the  existence  of  the  H02  radical 
was  obtained  by  Robertson  " 3^52,  3^6]  and  Foner  and  Hudson  [ 157^ J ,  who 
carried  out  mass-spectrometric  investigations  of  the  dissociation 
ionization  of  by  electron  impact.*  Attempts  to  obtain  the  spectrum 

of  the  H02  radical  have  also  been  made  (see  [1740,  1731*  ^05,  1069]). 
However,  not  one  of  them  may  be  regarded  as  successful.  It  was  assumed 
at  one  time  [1740,  1731]  that  the  band  at  1305  cm"1,  observed  in  the 
absorption  spectrum  of  condensed  dissociation  products  of  ^0  and  D20, 
belongs  to  the  HO^  radical.  Later  on,  however,  Giguere  and  Harvey 
[1733]  showed  that  this  band  belongs  to  the  nitrogen  exides  which  arise 
during  the  dissociation  of  water  vapor  by  electric  discharge.** 

According  to  Walsh  [4l4i],  it  is  assumed  in  the  present  Handbook 
that  the  H02  radical  possesses  a  non' inear  structure  in  the  electronic 
ground  state.  The  conclusion  of  the  nonlinear  structure  of  H02  was 
drawn  by  Walsh  [4l4l]  on  the  basis  of  a  systematic  study  of  the  corre¬ 
lation  between  the  number  of  valence  electrons  in  polyatomic  molecules 
and  the  geometrical  structure  of  the  latter.  According  to  Walsh,  the 
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angle  between  the  bonds  in  H02  must  be  smaller  than  in  HNO.*  The 
angle  between  the  directions  of  the  bonds  in  HNO  was  found  as  109° 
by  investigation  of  the  electron  spectrum  of  this  molecule  (see  page 
713).  On  the  other  hand,  the  angle  between  the  bonds  in  the  H02  radi¬ 
cal  may  not  be  smaller  than  the  angle  between  the  bonds  in  the  H^O 
and  ft-jOp  molecules.  Thus,  it  is  assumed  in  the  present  Handbook  that 
/0  —  0  —  H  in  the  H02  radical  is  equal  to  110  +  10°.  With  regard  to 
the  lengths  of  the  0-0  and  0-H  bonds,  it  is  assumed  that  they  have 
the  same  values  as  in  th  HgOg  molecule:  r0_Q  =  1.49;  rQ  H  =  O.97  A 
(see  page  383).  The  uncertainty  of  the  accepted  values  for  the  lengths 

of  the  0-0  and  0-H  bonds  is  estimated  as  equal  to  +0.1  and  +0.05  A, 

T 

respectively,  he  product  of  the  principal  moments  of  inertia,  quoted 

in  Table  39j  is  calculated  on  the  basis  of  these  structural  parameters 

of  HO  . 

2 

TABLE  39 

Accepted  Values  of  the  Molecular  Con¬ 
stants  of  HO^  in  the  Ground  Electron¬ 
ic  State 


1 

v. 

Vj 

‘a'b'c 

CM~'  A 

10-“’  *  CM'  B 

3600 

1300 

900 

1,3 

1 

A)  cm-'1';  B)  g^*cm^. 


The  frequencies  of  the  fundamental  oscillations  of  H02,  quoted 
In  Table  59  and  used  in  the  Handbook,  are  calculated  by  Eqs.  (P4.27) 
assuming  the  force  constants  of  HQ2  as  equal  to  the  corresponding  for¬ 
ce  constants  of  the  hydrogen  peroxide  molecule,  found  by  Giguere  and 
Bain  [1732]  and  Hirota  [2079]*  The  possible  error  f  the  oscillation 
frequencies  of  H02,  calculated  in  this  way,  may  amount  to  10-15/5* 
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The  energy  of  the  transition  of  the  H02  radical  from  the  elec¬ 
tronic  ground  state  into  the  first  excited  electronic  state  is  estima¬ 
ted,  on  the  basis  of  kinetic  data  obtained  by  Burgess  and  Robb  f D22] , 
as  equal  to  14,250  cm”1. 

OH.  The  electronic  ground  state  of  the  hydroxyl  molecule  is  the 

p 

inversed  II  state.  Three  excited  electronic  states  of  OH  are  also 
known:  A22+,  B22+  and  C2Z+.  Three  band  systems,  lying  in  the  visible 
and  ultraviolet  regions,  A22+  -  X2ni,  £^2+  -  A22+  and  C2Z+  -  A22+,  are 
investigated  in  the  OH  spectrum. 

The  bonds  of  the  A^Z*  x2n±  system  have  been  investigated  re¬ 
peatedly.  The  work  of  Johnston,  Dawson  and  Walker  [2277,  1277]  of 
Tanaka  and  coworkers  [3923*  39253  and  also  of  Dieke  and  Crosswhite 
[1340]  are  among  the  most  thorough  investigations. 

On  the  basis  of  an  analysis  of  the  papers  published  up  to  1950, 
the  constants  found  by  Tanaka  and  Koana  [3924]  are  recommended  for 
the  electronic  ground  state  of  OH  in  the  Handbook  [649]  and  the  con¬ 
stants  found  by  Dieke  and  Crosswhite  [1340]  are  recommended  in  the 
monograph  by  [2020]  0.1.1  to  the  fact,  however,  that  in  the  above- 

mentioned  papers  the  bands  of  the  A2Z+  —  X2IIi  system  have  been  obser¬ 
ved  only  up  to  the  values  v”  <  3*  these  constants  describe  the  high 
levels  of  the  vibrational  energy  with  insufficient  accuracy. 

More  reliable  values  of  the  molecular  constants  of  OH  in  xhe  el¬ 
ectronic  ground  state  may  be  obtained  by  an  analysis  of  the  vibration- 
al-rotational  spectrum,  lying  in  the  region  from  2440  to  14,300  cm_J*. 
The  investigation  of  this  spectrum  began  in  1950  by  Meinel  [2838-  2841] 
who  observed  in  the  spectrum  of  the  night  sky  the  4-0,  5-1,  6-2,  7-3, 
7-2,  8-3  and  9-^-  bands  on  a  device  with  a  dispersion  of  50  A/mm.  Ca- 
bannes,  J.  Dufay  and  M.  Dufay  [1040,  1411]  and  also  Jones  and  Gush 
[2-°90]  also  observed  a  number  of  OH  bands  in  the  night  sky  spectrum. 
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Chamberlain  and  Oliver  [1085]  obtained  the  same  bands  in  the  northern 
lights  on  a  device  with  a  dispersion  of  138  A/mm.  Measurements  of  the 
vibrational -rotational  spectrum  of  OH  in  the  11,110-14,300  cm-1  region 
have  been  carried  out  also  under  laboratory  conditions  using  oxyacet- 
ylene  and  oxyhydrogene  flames.  Thus,  Herman  and  Hornbeck  [2125-2127, 
2005]  investigated  the  4-0,  5-1  and  6-2  bands,  Dejardin,  Janin  and 
Peyron  [1291,  12/4-1296,  3232]  investigated  the  4-0, .5-1  and  6-2  bands 
Benedict,  Plyler  and  Humphreys  [736-738]  and  also  Rogge,  Yarger  and 
Dickey  [3473a]  investigated  the  2-0,  3-1  and  4-2  bands,  and  Allen, 
Blaine  and  Plyler  [501]  investigated  the  3-2,  2-1  and  1-0  bands.  In 
all  these  works,  an  analysis  of  the  rotational  structure  of  the  OH 
bands  was  carried  out. 


TABLE  40 

Energies  (in  cm-1)  of  the  Vibrational  Levels  Gq(v)  of 
the  OH  Molecule  in  the  State. 


3569.63  [1350] 
6973,58  11*10} 
10215,83  {2005] 
13291,50  (2005) 
16206,74  {2005] 
189o8.17{2005] 

23957,5  {1086] 
26193,9  {1086] 


I*.iv‘*irT  n't  not  tmuii.iJM 


i:w:ijr,b  pc.i-c  H»»iir  d  <t 


3569.6 

6973.6 
10211,9 

13284.6 

16191.7 
18933,2 
21509,1 
23919,4 
26164,0 


3568,41 
6971 ,52 
10203,33 
13257,85 
16129,05 
1&S10.9C 
21297,57 

23582.88 

25660.89 


3569, fa 
6973,51 
10213,76 
13291,48 
16206,61 
18958,07 
2154$,  ra 
23960,02 
26202,83 


3.«>9,l>3 
6973.57 
10213.8-; 
13291 ,55 
16206,74 
18958, 18 
21543,12 
23957.16 
26194.00 


3569,63  1 
6973,.  *7 
10213,83 
13291 .  S2 
16206,97 
18958,71 
21544,02 
23958.11  I 
26105,00  : 


vm*s  35450±100  40277,6  34102, 


36815,1  36181,3  35450,2*  ; 


a)  G0(v)  =  3652.4  v  -  82.8  v2;  vmax  =-  22. 

b)  G0(v)  =  3649.06  v  -  79.65  V2  -  1.00  v3;  vjna>;  =  17. 

c)  Gn(v)  =  3653.22  V  -  84.47  V2  +  0.63  V3  -  0.05  V4; 


v  =  18. 
max 


d)  Gn(v)  =  3653.33  v  -  84.182  v"  +  0.5022  vJ  -  0.02083 


v4  -  0.001637  v5;  v, 


=  17 


’  max  ~ 1 
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A)  Experimental  data;  B)  Calculation  of  the  basis  of  the 
constants. 

,  Chamberlain  and  Roesler  [1036]  observed  the  vibrational-rotation¬ 
al  spectrum  of  OH  in  the  luminescence  of  the  night  sky  on  a  device 
which  made  it  possible  to  determine  the  wave  numbers  of  the  bands  with 
an  accuracy  of  0.1-0. 3  cm"1.  Moreover  the  5-1  and  6-2  bands  were  ob¬ 
tained  observed  earlier  in  flame  spectra,  and  also  the  8-3  and  9-4 
bands,  not  observed  in  flame  spectra.  Chamberlain  and  Roesler  proved 
the  identity  of  both  spectra  and  determined  the  accurate  values  of 
the  levels  of  the  vibrational  energy  with  v  =  8  and  9* 

-  .  McKinley  and  coworkers  [2077,  2719],  Krauss  [2479],  and  larwin, 
Broida  and  Kcstkowski  [1655b]  observed  a  number  of  bands  of  OH  in 
the  infrared  emission  spectrum  accompanying  the  H  +  0^  reaction. 

Krauss  was  the  first  to  obtain  the  10-5  hand  under  these  conditions. 

The  experimental  values  of  the  vibrational  energy  levels  of  OH 
in  the  electronic  ground  state,  recommended  by  Chamberlain  and  Roesler 
[1086]  on  the  basis  of  their  own  investigations  as  well  as  on  the  re¬ 
sults  of  the  investigations  by  Herman  and  Horribeck  [2005]  and  the  re¬ 
sults  of  the  analysis  of  the  —  X2^  band  system,  obtained  by 

Dieke  and  Crosswhite  [1340],  are  quoted  in  Table  40. * 

On  the  basis  of  the  experimental  data,  several  authors  determined 
the  values  of  the  vibrational  constants  of  OH  in  the  equations  for 
Gq(v)  of  third,  fourth  and  fifth  order  with  respect  to  v.  Besides  the 
most  accurate  values  of  the  vibrational  energy  levels  of  OH,  found 
experimentally,  the  values  of  the  corresponding  levels,  calculated  by 
equations  proposed  in  the  papers  [1340,  3924,  2005,  1086],  are  also 
given  in  the  Table  40. 


The  study  of  the  data  given  in  Table  40  proves  that  the  equation  of 
fifth  order,  obtained  by  Chamberlain  and  Roesler  [1086],  describes 
with  the  greatest  accuracy  the  experimental  data.  However,  even  this 
equation  obviously  does  not  describe  accurately  enough  the  levels  of 
the  vibrational  energy  of  OH  close  to  the  dissociation  limit,  because 
the  extrapolation  of  the  vibrational  levels  by  the  equation  of  Cham¬ 
berlain-Roe  sler  let  these  levels  converge  at  36,188  cm-1,  whereas  the 
experimental  vclue  of  the  dissociation  energy  of  OH  is  equal  to 
35,^50  +  100  cm”1. 

Owing  to  the  fact  that  the  dissociation  limit  of  OH  calculated 

by  the  equation  proposed  by  Chamberlain  and  Roesler  [1086]  differs  from 

the  true  value  by  730  cm”  ,  two  terms  proportional  to  vD  and  v'  were 

added  to  this  equation  when  compiling  this  Handbook.  This  equation 

hardly  changes  the  energy  of  levels  with  v  <  9  and  gives  the  correct 

value  of  the  dissociation  energy  of  OH  at  v  =  17. 

max 

The  values  of  GQ(v),  calculated  by  the  new  equation  accepted  in 
this  Handbook,  are  quoted  in  the  last  column  of  Table  40. 

The  rotational  constants  of  OH  in  the  x2n±  state  are  determined 
only  for  vibrational  states  corresponding  to  v  <  6,  because  the  bands 
referring  to  higher  vibrational  states  are  obtained  by  devices  with  a 
low  dispersion,  a  fact  which  snakes  a  thorough  resolution  of  the  rota¬ 
tional  structure  impossible.  The  values  of  the  rotational  constants 
calculated  by  various  authors  (Tanaka  and  coworkers  [3923-3925],  Dieke 
and  Crosswhite  [1340],  Herman  and  Hornbeck  [2125-2127,  2005],  Dejardin, 
Janin  and  Peyron  [1291-1296,  3232]  are  similar  to  each  other.  In  par- 
ticular,  the  differences  of  the  Bfe  values  do  not  exceed  0.01-0.02  cm  . 

In  the  Handbook,  the  values  of  the  constants  B  .  a, ,  a.  and  A  are  ac- 

e  l  2 

cepted,  as  found  by  Herman  and  Hornbeck  [2005],  and  the  values  of  D 

€? 

and  as  determined  by  Dieke  and  Crosswhite  [1340].  The  values  of 


By,r  found  Toy  Herman  and  Horribeck  [  20o3 ]  *  are  satisfactorily  described 
by  thb  accepted  values  of  the  constants  Dg  and  5^.  All  rotational  con¬ 
stants  are  calculated  on  the  basis  of  an  analysis  of  the  OH  bands  by 
the>equ8ition  of  Hill  and  Van  vleck  [Eq.  (1.25)3#  becuase  the  spin-orbi- 
tai  cotipiing  in  the  electronic  ground  state  of  OH  belongs  tc  a  type 
intermediate  between  the  Band  coupling  causes  a  and  b. 

-tdealifig  with  the  study  of  the  microwave  spectrum  of  OH 
(see ,  f or  exanqple,  [ 1391-13933  *  etc.)  the  superfine  structure  of  the 
lines;  of  rotational  transitions  was  mainly  investigated.  It  must  be 
noted  that  Dousmanis,  Sanders  and  Townes  [13933  found  for  O^H  the  va¬ 
lue  A/B  =  -7*444  +  0.017*  whereas  the  analysis  of  the  rotational  struc¬ 
ture  of  the  bands  of  the  A22  —  A  system  gives  the  value  A/B  =  -7. 
•4q4.  This  difference  is  caused  by  the  fact  that  the  analysis  of  the 

A'  _ 

rotational  structure  of  the  ultraviolet  OH  bands  yields  the  effective 
value  of  this  ratio,  including  the  effect  of  the  centrifugal  stress  of 
the  molecule. 

-  =.  •  p  + 

The  first  excited  electronic  state  A  2  of  the  OH  molecule  was 
investigated  in  the  papers  [2277,  1277*  3923*  3924,  3925*  1340]  on  the 
basis  of  an  analysis  of  the  A2  2+  -  X2^  band  system.  However,  studying 
the  A22+  —  X2n±  band  system,  it  was  possible  to  observe  only  transi- 
tiens  from  the  four  first  vibrational  levels  of  the  A  2  state  (V  < 

<  3).  It  was  shown  in  the  papers  by  Barrow  [645,  646,  652],  that  the 
band  system  in  the  4200-6000  A  region,  investigated  earlier  by  Schuler 
and  coworkers  [ 3657*  3654,  3656]*  Benoist  [748,  749]  and  Leach  [2576], 
belongs  to  the  OH  radical  and  is  caused  by  a  transition  between  the 

2  4-  2  + 

earlier  unknown  B  2  electronic  state  and  the  A  2  electronic  state. 

A  thorough  analysis,  carried  out  in  the  papers  [645,  646,  652],  showed 

2  +  2  + 

that  the  bands  of  the  B  2  —  A  2  system  are  coupled  with  the  vibration¬ 
al  levels  5  <  v’  <  9  of  the  A22*  state.  The  data  for  the  vibrational 


levels  5  <  v*  <9,  obtained  in  these  papers,  is  based  on  the  analysis 
2  +  p  + 

of  the  B  2  —  A  2  band  system  supplemented  by  the  data  of  Schuler 

and  Michel  [3653]  for  v*  =  4  of  the  same  band  system,  and  the  data  of 

Dieke  and  Crosswhite  [1340]  for  the  levels  0  <  v;  <3  of  the  A22+  state 

found  in  the  analysis  of  the  A22+  —  X2^  system,  enabled  Barrow  [645] 

to  calculate  with  great  accuracy  the  vibrational  and  rotational  con- 

stants  of  OH  in  the  A  2  state.* Barrow  [645]  used  equations  of  the 

fourth  and  fifth  order  to  approximate  the  levels  of  the  vibrational  en- 

2  + 

ergy  of  OH  in  the  A  2  state.  The  most  accurate  description  of  the  ex¬ 
perimental  values  of  the  levels  up  to  the  dissociation  limit  (v  = 

=10)  has  been  obtained  by  Barrow  by  means  of  the  fifth  order  equa- 

2  + 

ticn.  The  values  of  the  vibrational  constants  of  OH  in  the  A  2  state, 
corresponding  to  this  equation,  are  accepted  in  the  present  Handbook 
and  quoted  in  Table  4l.  The  values  of  the  rotational  constants  of  OH 
in  the  A  2  state,  quoted  in  Table  4l,  are  also  calculated  by  Barrow 

[645]. 

p 

The  levels  of  the  vibrational  energy  of  OH  in  the  B  2  state  con¬ 
verge  to  the  dissociation  limit  already  at  v  =  2,  because,  according 
to  [645],  the  curve  of  the  potential  energy  of  OH  possesses  a  very 

2 

flat  minimum  in  this  state.  The  molecular  constants  of  OH  in  the  B  2 

state,  calculated  by  Barrow  [645]  on  the  basis  of  the  analysis  of  the 
2  2 

B  2  —  A  2,  band  system,  are  quoted  in  Table  41. 

O  _i 

The  C‘"2  state  is  the  highest  electronic  state  of  OH  which  has 
been  experimentally.  It  was  identified  by  Michels  [2871]  who  sugges- 

p 

ted  that  the  hydroxyl  is  dissociated  in  this  state  into  0“(  P)  + 

4*  1 

+  H  (  S).  This  interpretation  made  it  possible  to  resolve  the  problem 
of  the  reference  of  the  bands  observed  earlier  by  Benoist  [749]  and 
also  by  Schuler  and  Michel  [3653]  in  the  2300-2500  A  region.  The  ana¬ 
lysis  of  these  bands  [2371]  proved  that  they  are  0-7,  0-8,  1-6  and 
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1-7  bands  of  the  C  2  -  A  2 


2  + 

The  molecular  constants  of  OH  In  the  C  2  system,  calculated  by 
/Michels  [28713  are  cited  in  Table  4l. 

TABLE  41 

Accepted  Values  of  the  Molecular  Constants  of  OH 
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a)  Aq-  =  -139*7  cm”1,  b)  o>ese  =  -4.732*10~5;  o>eue  =  -3. 786* 10 cm”1, 
c)  =  -3*10“5  cm”1,  d)  The  value  of  DQ  is  given.  A)  State*  b)  cm”1* 

OD.  Two  band  system,  A22  -♦  X2^  and  B22+  -+  A22+,  lying  in  the 
wavelength  regions  from  2500  to  36OO  and  4200  to  6000  A,  respectively, 
are  investigated  in  the  deuteroxyl  spectrum.  The  re silts  of  the  first 
investigations  of  ihe  A22+  -*  X2n±  band  system  [2276,  2268,  3695,  3151 J 
were  not  applicable  to  the  determination  of  the  molecular  constants  of 
OD  because  the  band  structure  was  insufficiently  resolved.  Later  on, 
the  A22*  —  X2!^  band  system  was  investigated  on  devices  with  high  dis¬ 
persion  by  Ishaq  [2185-2190],  Sastry  and  Rao  [3395,  3396,  3585-3591], 
Narayan  [3022]  and  Oura  [3154-3156].  In  the  works  of  these  authors, 
the  fine  structure  of  12  bands  (0-0,  0-1,  1-0,  1-1,  2-0,  3-0,  3-1, 

2-1,  1-2,  2-2,  3-2,  3-3}  was  studied  and  the  values  of  the  molecular 
constants  of  OD  in  the  x2n,  and  A22+  states  were  determined. 

The  vibrational  constants  of  OD  in  the  X2^  and  A22+  states 
have  been  calculated  by  Sastri  and  Rao  [3591]*  and  Oura  [3154,  3155]** 
on  the  basis  of  the  zero  lines  of  the  bands  of  the  A22+  —  X2!^  system 
corresponding  to  v'  <  3  and  v"  <  2.  The  values  of  the  vibrational  con- 
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stants  of  OD,  however,  obtained  by  these  authors,  could  not  lay  claim 
to  having  a  high  accuracy  because  they  were  found  on  the  basis  of 
transitions  between  low  vibrational  levels  which  were  determined  with 
an  accuracy  up  to  some  reciprocal  centimeters. 

It  must  be  noted  that  the  vibrational  constants  of  OD  in  the 

p 

A  2  state,  found  in  the  papers  [3591*  3154,  3155]  on  the  basis  of  an 
analysis  of  the  bands  of  the  A2!  -  y?n±  system  differ  essentially  from 
the  values  of  the  corresponding  constants  found  by  Barrow  [645]  on  the 

p  2 

basis  of  an  analysis  of  a  great  number  of  bands  of  the  B“2  —  A  2  sys¬ 
tem.  This  permits  us  to  assume  that  the  vibratio  *1  constants  of  OD 
in  the  state,  found  in  the  papers  [3591*  315^ 3155]*  are  inex¬ 
act.  Moreover,  these  vibrational  constants  do  not  give  a  satisfactory 
extrapolation  of  the  high  levels  of  the  vibrational  energy,  because 
the  levels  calculated  by  them  converge  far  from  the  dissociation  li¬ 
mit  of  ODi 

Thus,  the  vibrational  constants  of  OD  in  the  electronic  ground 
state  are  determined  in  the  present  Handbook  by  means  of  the  relations 
(1.43)  and  the  vibrational  constants  of  the  X2^  state  of  OH1,  quo^c 
in  Table  41  (see  Table  42).  The  limit  value  of  the  vibrational  energy 
of  OD  calculated  by  this  vibrational  constants  coincides  with  the 
experimental  value  of  the  dissociation  limit  of  OD  within  the  error 
limits  of  its  determination. 

The  values  cf  the  rotational  constants  of  OD  for  a  number  of  vi- 

2.  2  + 

brational  states  of  the  a  and  A  2  electronic  states  were  determined 

2  + 

by  the  investigation  of  the  fine  structure  of  the  bands  cf  the  A  2  — 

-  A*  system.  Herzberg  [2020]  calculated  the  constants  Bg,  and  D0 

fo»  the  x2ni  and  A22+  states  of  OD  on  the  bnsis  of  data  obtained  in 
the  papers  [2268,  2186,  2l8s,  2190,  3591,  3585-3590,  3156].  Very  sim¬ 
ilar  values  of  the  corresponding  constants  are  found  in  the  papers  by 
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Oura  [3154,  31553 •  The  calculation'  of  the  rotational  constants  of  OD 
by  means  of  the  Eqs.  (1.43)  on  the  basis  of  the  rotational  constants 
bfpO'Hi  ii»lsd  gives  Values  similar  to  those  found  by  Herzberg. 

••••v^Vit  must  be  noted  that  the  rotational  constants  of  the  A2z  state 
of 5  OD,  ’determined  on  the  basis  of  uhe  bands  of  the  A2Z  —  X2!!  system 
(•20203  differ  little  from  the  values  found  in  paper  [645]  on  the  ba- 
sis-  of  the  B  2  --  A  2  hand  system.  Thus,  in  the  present  Handbook,  the 
values  of  the  rotational  constants  calculated  by  Herzberg  [2020]  are 
accepted: for  the  state  of  OD.  The  comparison  of  -She  values  of  the 

rotational  constants  of  the  X2^  state  of  OD,  calculated  by  different 
data,  makes  it  possible  to  estimate  the  uncertainty  of  the  accepted  Bg 

*  .i  1 

value  as  equal  to  +0.01  cm  ,  and  that  of  as  equal  to  +0.04  cm. 

-  In  the  papers  [2186,  2189,  3586,  3587],  values  from  -139.1  to 
-!40i0  cm"'1'  are  obtained  for  xne  constant  of  the  coupling  between  the 
orbital  and  Spain  angular  momenta  A  in  the  X2ni  state  of  OD.  The  most 
accurate  value  A  =  -139.6  +0.2  cm"1  was  found  by  Ishaq  [2189]  by  an 
analysis  of  the  structure  of  the  1-1  band  obtained  bn  a  device  with 
an  1.3  A/mm  dispersion*  The  same  value  of  the  constant  A  was  obtained 
by  Sastri  [3586]  by  analysis  of  the  fine  structtire  of  the  3-0  band. 

Jhe investigation  of  the  superfine  structure  of  purely  rotational  tran¬ 
sitions  of  OD  in  the  microwave  spectrum  carried  out  by  Dousmanis,  San¬ 
ders  and  Townes  [1393]  showed  that  the  value  A  =  -139.6  cm"1  determined 


on  the  basis  of  the  analysis  of  the  fine  structure  of  the  A^Z  — 
band  system  is  the  effective  value  of  this  constant  allowing  for  the 
centrifugal  stress  of  the  molecule.  The  proper  value  of  the  constant 
A  of  OD  is  equal  to  -I37.7  cm"1,  according  to  the  investigations  in 
[ 1393] •  In  tne  present  Handbook,  the  effective  value  of  the  constant 
A,  found  in  tne  papers  [2189,  3586],  is  accepted  for  the  X2!!,  state  of 


OD. 
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Barrow  and  Downie  [652]  showed  that  the  band  system  in  the  wavelength 

region  from  4200  to  6000  A,  observed  by  Schuler  and  coworkers  [3657, 

3654,  3656]  and  by  Benoist  [749]  in  the  discharge  spectrum  in  water 

2-4*  2-4* 

vapor  is  caused  by  the  B  2  -♦  A  2  transition  in  the  OH  and  OD  radi- 

2  4*  2  + 

cals.  The  molecular  constants  of  the  A  2  and  B  2  states  of  the  OD 
radical  were  calculated  by  Barrow  [645]  on  the  basis  of  experimental 
data  obtained  in  the  papers  [3657*  3654,  3656,  7493  for  bands  with 
7  <  v"  <  11. 

2+  2  + 

The  values  of  the  molecular  constants  of  the  A  2  and  B  £  states 

of  OD,  obtained  in  the  paper  [645]  are  quoted  in  Table  42. 

2  + 

The  value  of  the  excitation  energy  of  the  A  2  state  of  the  OD 

radical,  accepted  in  Table  42,  is  based  on  the  value  vQ0  =  32477*14 

cm*"1  of  the  A22+  —  X2!^  band  system,  calculated  by  Almy  and  Horsfall 

2  + 

[523].  The  excitation  energy  of  the  B  2  state  of  OD  is  accepted  ac¬ 
cording  to  the  data  by  Barrow  [645]. 

In  analogy  to  the  radical  OH,  one  may  expect  that  OD  must  possess 
an  excited  state  with  an  energy  of  ,*90,000  cm"1. 

OT.  The  spectrum  of  the  OT  radical  was  not  observed.  Undoubtedly, 
however,  it  must  be  similar  to  the  spectra  of  OH1  and  OD.  The  molecu¬ 
lar  constants  of  OT  may  be  calculated  with  sufficient  accuracy  by 
means  of  the  Eqs.  (1.43)  on  the  basis  of  the  corresponding  constants 
of  OH  and  OD. 

The  values  of  the  molecular  constants  of  OT  for  the  X2!^,  A2Z+ 

2  + 

and  B  2  states,  quoted  in  Table  42,  are  calculated  on  the  basis  of 
the  corresponding  constants  for  OD,  quoted  in  the  same  table.  It  must 
be  noted  that  the  vibrational  constants  of  the  X2 ni  state  of  OT,  given 
in  Table  42,  make  possible  a  satisfactory  extrapolation  of  the  vibra¬ 
tional  energy  levels  up  to  the  dissociation  limit.  The  probable  un¬ 
certainty  of  the  accepted  values  of  the  constants  coe  and  u>exe  of  the 
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JFI^  state  may  be  estimated  as  ±2  cm  ,  and  that  of  the  values  of  the 
rotational  constants  Be  and  a.  as  +0.05  cm”1.  The  T  value  for  tb 

.  ■-  r  -  *  -  .*  . '  ■'  X  _  G 

^p-4 2  4- 

A  2  and  B  2  states  of  OT  is  accepted  as  equal  to  this  value  for  the 
Corresponding  states  of  OD.  The  uncertainty  of  these.,  values  may  be  es 
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timated  as  +30  cm  .  Owing  to  the  fact  that  the  coupling  constants  of 
OH  and  OiD  are  almost  similar,  the  same  value  as  for  OD  is  accepted  fo 
the  constant  A  of  the  spin-orbital  coupling  of  the  OT  radical  in  the 
X2^ .  state . 

TABLE  42  ; 


Values  of  the  Molecular  Constants  of  OD  and  OT 


C  MT* 


2721,39 

Hg 

0* 

32680 

E23 

574.5 

45,036 

55,45 

55,67 

1 

0,2083  ®b 
— 1 ,0365  • 
— 8,29a 

31,748 

39,09 

39,24 

0,1233ef 
-0,6135* 
—4,910  g 

! 

0,295d 

0,3224r 

0.252«e 

4,2- 10-* 

0,1745 
10,191* 
iO,  15* 

2,1-10~* 

A  =  -139.6  cm  . 

%ze  s  4.70*10*3;  coete  =  -3.55*10“^,  o>ese  = 
-4. 10*  10  *7  cm  *1. 

%z  =  9-333-10"2,  cut  =  -6. 78-10"4  cm-1. 
a5  =  -4.5*10“°  cm.  I 

a2  =  -0.045  cm*1. 

a>eze  =  2.32-10*3,  <uete  =  -1.50-10*4,  u>ese  - 
-1.21*10“7  cm*1. 

(i)  Z  =  -4.638*10“2,  O)  t  =  — 2,83-10-«o»-». 
e  e  e  e 


-7.05*10 


-2.47*10 


a5  =  -1.32-10*6  cm-1. 
a_  =  -0.025  cm*1. 


A)  Molecule;  B)  state:  C)  cm”  . 


0H+.  Two  bands  (0-0  and  1-0)  belonging  to  the  0H+  molecule  Were 
determined  for  the  first  time  by  Rodebush  and  Wahl  [ 3^70]  in  the  near 
ultraviolet  spectral  region  of  an  electrodeles3  discharge  in  presence 
of  water  vapor.  Later  on,  Loomis  and  Brandt  [2646]  obtained  under  the 
same  conditions  two  other  bands  (0-1  and  1-1)  with  a  resolved  fine.7 
structure  on  a  device  with  1.25  A/mm  dispersion.  On  the  basis  of  the 
analysis  of  the  rotations^  structure  and  the  analogy  with  the  iso-el- 
ectronic  NH  molecule,  Loomis  and  Brandt  drew  the  conclusion  that  these 
bands  correspond  to  the  A^fl  —  X%“  transition,  where  the  %  state  is 
an  inversed  state  in  which  the  spin-orbital  coupling  is  of  the  inter?- 
mediate  type  between  the  Hund  cases  a  and  b.  Loomis  and  Brandt  deter¬ 
mined  the  rotational  constants  BQ  and  DQ  in  both  states  and  estimated 
also  the  vibrational  constants  on  the  basis  of  the  experimentally 
found  values  of  AG-jy2  the  relation  (1.36)  (a>”e  =  3111,  co^x”  ==  73; 
d)^  =  2387,  o)^  =  200  cm-1).  Moreover,  the  constants  of  the  multiplet 
splitting  of  the  ground  state  are  found  in  the  paper  (2646]:*  The 
molecular  constants  of  0H+,  found  by  Loomis  and  Brandt  [2646],  are 
cited  in  the  Handbook  [649]  and  in  the  monograph  by  Herzberg  [2020].* 
In  1958,  Weniger  and  Herman  [4204-]  repeated  the  investigation  of 
the  0H+  spectrum  on  a  device  with  2  A/mm  dispersion.  Besides  the  ear¬ 
lier  known  1-1  band,  two  new  bands  were  obtained  in  the  paper  [4204], 
the  bands  2-2  and  3-3  of  the  A-X  system  with  a  well  developed  rotation 
al  structure.  On  the  basis  both  of  the  obtained  data  and  also  of  the 
investigations  by  Loomis  and  Brandt  [2646],  Weniger  and  Herman  calcu¬ 
lated  the  rotational  constants  of  0H+  in  both  states  and,  Just  as  in 
the  paper  [2646],  estimated  the  vibrational  constants  of  this  molecule 

(a)”  =  3229;  o>"x"  =  131,  o>'  =  2202  co'x’  =  108  cm”1). 
v  e  5  e  e  e  e  e  7 
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The  great  difference  between  the  values  of  the  vibrational  con- 
stants  of  0H+,  obtained  in  the  papers  [2646,  4204],  points  out  the 
^InsUfficlehc  reliability  of  the  method  used  for  their  determination  in 
>§^Sbse  ?papers>  It  must  be  noted  that  the  linear  extrapolation  of  the 
3||^ibrationau.  energy  levels  of  Oil*,  on  the  basis  of  the  constants  calc  - 
ed  by  Loomis  and  Brandt  [2646],  leads  to  the  value  DQ(0H+)  =  31,608 
cm"1,  and  on  the  basis  of  the  constants  calculated  by  Weniger  and 
^jHerman  [4204 ],  to  the  value  DQ(0H+)  =  18,316  cm**1.  In  reality,  B0(0H+) 
?  ?.?=  38,819  or  38»  977  cm"1  according  as  to  whether  the  0H+  molecule  dis- 
.Mbociates  into  0(%)  +  H+  or  0+(^S)  +  H(2S).*  Owing  to  this  fact,  Yung- 
;"inan  [473]  carried  out  the  calculation  of  the  vibrational  constants  of 
%J  0H+  on  the  basis  of  the  equations 


ACy,  =  ©o  —  «***;  -5“  =  do. 

./using  the  two  possible  values  of  DQ ( OH* )  (see  above)  and  the  values 
5vq0  =  27956  ±  3i  Ag]/2  =  1985  +  5  and  AgJ/2  =  2970  +  5  cm"1,  found  by 
experimental  data  for  the  0-0,  0-1  and  1-0  bands  [2646]  and  the  1-1 
band  [4204].  The  result  was  that  the  vibrational  constants  a>”  =  3029, 
o>qXq  =  39*  «“o  =  2012  and  co^x^  =  27  cm"1,  calculated  on  the  assumption 
that  the  X^Z"  state  correlates  to  the  0+(^S)  +  H(2S)  atoms,  and  the 
A^n  state  to  the  0  (  D)  +  H(  S)  atoms,  best  describe  the  experimental 
data  for  the  2-2  and  3-3  bands  measured  by  Weniger  and  Herman  [4204], 
The  values  of  the  molecular  constants  of  0H+,  accepted  in  the 
present  Handbook,  are  quoted  in  Table  43.  In  this  Table,  the  values  of 
the  vibrational  constants  of  0H+,  calculated  in  the  paper  [473],  are 
given.  The  rotational  constants  are  accepted  according  to  Weniger  and 
Herman  [4204],  and  the  constants  of  the  multiplet  splitting  of  the 
X^Z"  state  according  to  Loomis  and  Brandt  [2646], 

In  the  papers  [2646,  1081,  4204],  attempts  were  made  to  determine 


■3  J. 

the  constant  A  of  the  spin-orbital  coupling  for  the  A  11^  state  of  OH 
but  apparently,  owing  to  the  difficulties  in  determining  the  zero  lines 
of  the  bands,  they  did  not  give  unique  results. 

In  analogy  to  the  isoelectronic  NH  molecule,*  the  0H+  molecule 
must  possess  a  series  of  singlet  electronic  states  with  excitation  en¬ 
ergies  in  the  order  of  10,000-20,000  cm"1,  transitions  into  which  has 
not  yet  been  observed  in  the  0H+  spectrum. 


TABLE  43 

Accepted  Values  of  the  Molecular  Constants  of  0H+  and 
0H- 


a)  e  =  0.763,  y  =  -0.132  cm"1.  d)  estimate. 

b)  =  1.5»10"5  cm"1. 

c)  =  4.0*10"5  cm"1. 

A)  Molecule;  B)  state;  c)  cm"1. 

OH".  The  spectrum  of  the  OH"  molecule  in  gaseous  state  was  not 
observed.**  For  several  years,  some  authors  (Schuler  and  coworkers 
[3657,  3654,  3656]  and  Leach  [2576])  ascribed  to  this  molecule  bands 
in  the  visible  and  ultraviolet  region,  excited  by  discharges  in  water 
vapor.  However,  Barrow  [652,  645,  646]  and  Michels  [2871]  proved  that 
these  bands  are  caused  by  transitions  between  excited  electronic  states 
of  the  OH  molecule. 

The  OH"  molecule  is  isoelectronic  with  the  HF  molecule;  therefore, 
it  may  be  assumed  that  the  constants  of  these  molecules  are  similar  to 
each  other.  On  the  basis  of  the  values  of  co  and  B  (see  Table  74) 


accepted  for  the  HP  molecule,  the  valuer  of  these  quantities  quoted 
in  fable  43  are  accepted  for  OH". 

{Jj:-  .  The  comparison  of  these  values  of  4  constants  a>  and  B  ,  accep- 
bed  for  the  ground  electronic  state  of  the  OH”  molecule,  with  the  va¬ 
lues  of  the  eori esponding  constants  of  OH  and  0H+  (in  cm”1):  o>e(0H*)  = 
ip3088,v 4>e  ( OH)  =  3737.90,  <oe(OH“)  =  4200,  Be(0H+)  =  16.774,  Be(0H)  - 
=118. 867,  Be(0H”)  =  21.0,  may  corroborate  the  rightness  of  the  accepted 
values.  The  uncertainties  of  the  accepted  m  and  B  values  of  the  OH” 
ion  may  be  estimated  as  +200  and  +0.5  cm**1,  respectively. 

'  :>:x .  Just  as  in  the  case  of  the  HP  molecule,  the  state  must  be  the 
ground  state  of  the  OH”  molecule.  Analogously  to  the  HP  (see  page  559) 
the  stable  excited  electronic  states  of  OH”  must  possess  excitation 
energies  higher  than  55*000  cm”1. 

§31.  THERMODYNAMIC  FUNCTIONS  OP  GASES 

The  thermodynamic  functions  of  the  compounds  of  hydrogen  and  its 
isotopes  With  oxygen  in  gaseous  state,  dec It  with  in  this  chapter,  are 
calculated  Without  taking  into  account  the  intermolecular  interaction 
and  are  quoted  in  the  Tables  11-16,  21-25,  and  30-33  of  the  second  vo¬ 
lume  of  the  Handbook.  The  thermodynamic  functions  are  calculated  for 
HgO,  OH  and  OH*  for  the  temperature  range  293*15-20, 000°K  (Tables  15, 

11,  12),  and  for  the  other  compounds  for  the  temperature  interval  from 
293.15  to  6ooo°k. 

It  must  be  noted  that  the  difference  in  the  values  of  the  thermo¬ 
dynamic  functions  of  the  compounds  of  natural  hydrogen  and  the  corres¬ 
ponding  compounds  of  protium  lies  beyond  the  accuracy  limit  of  the 
determination  of  these  functions.  It  may  be  sufficient  to  point  out 
that  the  difference  between  the  values  of  $*(^0)  and  $^(H^C)  amounts 
to  0.0004  kcal/mole* degree.  Owing  to  this  fact,  in  this  Handbook  the 
Ta1  les  of  the  thermodynamic  properties  of  HgO,  OH,  OH*,  OH”  and  HgOg  give 
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values  calculated  for  the  natural  isotopic  mixture  of  hydrogen  {Mjj  = 

=  1.0080)  on  the  basis  of  the  molecular  constants  of  the  corresponding 
protium  compounds* 

In  the  Ilnd  volume  of  the  Handbook,  the  values  of  the  virial  co¬ 
efficients  and  of  their  derivatives  for  water  vapor  are  also  quoted, 
thus  making  it  possible  to  take  into  account  the  deviation  of  the  pro¬ 
perties  of  this  gas  from  the  ideal  state  [see  Table  393  (II)].  The 
virial  coefficients  are  calculated  on  the  basis  of  the  values  of  the 
force  constants  of  the  intermolec-..lar  potential  of  HgO,  accepted  in 
Supplement  5.  The  values  of  the  critical  const,  its  of  water  are  given 
in  Supplement  6. 

11,0.  The  thermodynamic  functions  of  gaseous  H^O,  quoted  in  Tab¬ 
le  15(11),  are  calculated  for  the  temperature  interval  from  293*15  to 
2o,000°K. 

=  +1.3350  cal/mole • degree  and  Ag=  +6.3031  cal/mole • degree  are 
assumed  for  the  calculation  of  the  translational  components  of  the 
thermodynamic  functions  of  HpO.  The  partition  function  of  the  vibra¬ 
tional-rotational  states  of  the  HgO  molecule  is  calculated  by  immedi¬ 
ate  summation  over  the  levels  of  the  vibrational  energy  GQ(v^,  vp,  v^) 
using  the  formula* 

*l«  *i«  •am  ke 

2  2  *2  **•*•■* , 

where  v^,  vPftl,  are  the  limit  values  of  the  vibrational  quantum 

(V  V  V 

numbers;  and  i£  the  partition  function  of  the  rotational 

levels  of  the  vibrational  state  (v^,  v2,  v^).  The  levels  of  the  vib¬ 
rational  energy  are  calculated  by  the  formula 

<?•  fa.  Vt.  vj  =  Cj  (Pi,  vt,  vj  +  AC*,. 

where  Gq(v^,  vp,  v-)  are  the  unperturbed  values  of  the  vibrational  en- 


ergy.  levels  of  HgO  determined  by  a  polynomial  of  thira  order  with  res¬ 
pect  to  Vg,  v^,  the  coefficients  of  which  are  quoted  in  Table  33 . 

v  v  are  the  corrections  for  the  Darling -Dennison  resonance. 

1*  2f  3  ■ 

These  corrections  are  taken  into  account  fcr  the  first  hundred  levels. 

The  11-nit  values  of  the  vibrational  quantum  numbers  v.  and  v„  are 

lm  3m 

determined  from  the  conditions  C-^v^  0,  0)  <  DQf HO  -  H),  GQ(0,  0,  v3) 

<  ~  **)*  ®b(vi*  °*  v3)  <  D0(H0  “  H)*  where  Dq(H0  -H)  4i,269  cm"*1. 

It  was  found  on  the  basis  of  this  condition:  v...  =  12:  v„  =  13.  and 

-UU  3m 

%  *  v3  <  12*  The  value  of  Vg^  was  determined  by  the  maximum  of  the 
function  G0(v1,  vg,  v^)  at  fixed  values  of  v1  and  v^,  and  variable  va¬ 
lues  of  Vg.  Corresponding  calculations  proved  that  the  function  G()(v1, 
v2'  v3^  P°ssesses  a  stable  maximum  at  Vg  =  22  which  coincides  with  the 
magnitude  of  the  energy  of  dissociation  of  HgO  into  atomsj  this  fact 
makes  it  possible  to  accept  the  value  v_  =  22  for  the  calculation  of 

%col.vr*  .  . 

(vvVg,vq) 

The  partition  function  £  5  could  not  be  calculated  for  the 

whole  temperature  range  by  immediate  summation  over  the  levels  of  the 
rotational  energy  of  HgO  owing  to  the  impossibility  of  satisfactorily 
determining  the  rotational  levels  near  by  the  dissociation  limit.  Thus 


(v1,v2,v3) 


the  values  of  Q^.4*  ^  ^  are  calculated  using  the  approximate  relation 

(11.221)  and  the  expression  (11.176a)  (see  footnote  to  page  196)  is 
used  for  Qzh^r-  The  effective  values  of  the  rotational  constants  of 
HgO  are  calculated  on  the  basis  of  the  values  of  the  constants  in  Ta¬ 
ble  33,  with  allowance  for  the  Darling-Dennison  resonance  by  the  form¬ 
ulas  obtained  in  the  paper  [444].  The  constants  p1  and  pg,  accepted 
in  the  calculations  of  the  thermodynamic  functions  of  HgO,  are  calcu¬ 
lated  by  Xhachkuruzov  and  Milevskaya  [449]  for  the  ground  vibration¬ 
al  state  of  the  HgO  molecule j  they  are  equal  to: 

=  2,24-l0-sdt;r1p1  =  0,36- 10'»  de  ;~2, 
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Calculating  the  thermodynamic  functions,  the  components  of  the 
excited  ..bates  of  the  HgO  molecule  have  been  calculated  by  Eqs. (11.120) 
and  (11.121)  on  the  basis  of  this  values  of  the  statistical  weights 
and  excitation  energies  quoted  in  Table  34,  and  assuming,  that  the 
partition  functions  of  the  vibrational-rotational  levels  are  identical 
for  alH  electronic  states  of  HgO. 

The  uncertainties  in  the  values  of  the  thermodynamic  functions 
of  HgO,  wyoted  in  Table  15(11),  are  -  at  temperatures  below  30°°oK  - 
caused  mainly  by  the  inaccuracy  of  the  accepted  values  of  the  molecu¬ 
lar  and  physical  constants.  At  higher  temper  attires,  the  primary  sour¬ 
ces  of  errors  are  as  follows:  1)  errors  in  the  values  of  the  energy  of 
vibrational  levels  corresponding  to  v^,  v2,  v^  >  ",  calculated  on  the 

basis  of  the  vibrational  constants  of  HpO  accepted  in  the  Handbook*: 

(  Vn  ,  "^2,  V^) 

2)  application  of  the  approximate  expression  (11.221)  for  J 

which  is  derived  without  allowing  for  the  necessity  of  limiting  the 
number  of  levels  of  the  rotational  energy;  3)  inaccuracies  in  the  ac¬ 
cepted  values  of  the  excitation  energies  of  the  electronic  states  of 
the  1^0  molecule  and  the  statistical  weights  corresponding  to  them. 

The  total  errors  of  the  values  quoted  in  Table  15(11)  and  corresp¬ 
onding  to  T  =  298.15;  3^00;  6000;  10,000  and  20,000°K  may  be  estima¬ 
ted  as  0.01;  0.05;  0.15;  1.5#  and  3»0  cal/mole* degree. 

The  thermodynamic  functions  of  gaseous  J^0  were  calculated  for 
the  first  time  in  the  papers  by  Gordon  and  Barnes  [lSll]  (S£  and  C£ 
from  400  to  1200°K),  Giauque  and  Ashley  [1712]  (S^g  and  Gordon 
[1799]  ($rj,  from  298.15  to  3000°K).  These  papers,  based  on  early,  very 
imperfect  and  inaccurate  results  of  investigation  of  the  infrared  spec¬ 
trum  of  the  HgO  molecule  are  only  of  historical  interest.  The  results 
of  these  calculations  nave  not  been  utilized  later  on,  because  the 
calculations  by  Gordon  [1800,  1801],  carried  out  by  a  significantly 
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moreiacc  .irate  method  and  based  on  more  perfect  and  accurate  resxilts  of 
the  analysis  of  the  infrared  I^O  spectrum,  have  subsequently  been 
published. 

•  -gGordon  [1800*  1801]  calculated  the  thermodynamic  functions  of 
Ho0,  taking  into  account  the  anharmonicity  of  the  vibrations  and  the 
vibrational-rotational  interaction  of  the  molecules  in  the  temperature 
range  from  298. 1  to  3000°K  on  the  basis  of  the  method  of  calculating 
the*  thermodynamic  functions  of  polyatomic  gases*  developed  by  him 
(see  page  199).  The  molecular  constants  of  HgO*  found  by  Freuderiberg 
and;  Mecke^  [l605]  are  used  in  the  calculations.*  Methodic  shortcomings 
of  Gordon's  calculations  are:  failure  to  make  allowance  for  the  centri¬ 
fugal  stress  of  the  molecule,  and  using  of  an  approximate  expression 
for  the  partition  function  of  the  levels  of  the  rotational  energy.  The 
values  of  the  thermodynamic  functions  of  HgO,  calculated  by  Gordon 
[I8OOV  1801],  are  cited  in  the  Handbooks  by  Justic  [2312]  and  Cherno- 
bayev  and  Zhivotovskiy  [355) • 

Later  on,  the  values  of  the  thermodynamic  functions  of  H^O,  cal¬ 
culated  by  Gordon  [l800*  1801]  were  corrected  for  the  centrifugal 
stretching  of  the  molecules  by  the  method  proposed  by  Wilson  [4287] 

(see  page  206).  This  was  done  for  the  first  time  by  Gordon  himself 
[l8l0j  for  the  specific  heat  of  H^O  on  the  basis  of  the  value  = 

=  2.04«10”5  degree"1*  calculated  by  Wilson  [4287],  In  the  paper  by 
Wagraan  et  al.  [4122],  corrections  were  Introduced  into  the  values  of 
thermodynamic  functions  of  ^0  calculated  by  Gordon  [1800*  l801],  tak¬ 
ing  into  account  the  changed  values  of  the  physical  constants  and  cor¬ 
rections  for  the  centrifugal  stretching  of  the  molecules  calculated  by 
the  method  of  Wilson  [4287].  The  values  of  the  thermodynamic  functions 
of  H?0*  obtained  in  the  paper  [4122],  were  subsequently  extrapolated 
u  to  4000°K  [2681],  3000 °K  [3680]  and  6000°K  [2142]  and  also  used  f..r 


the  compilation  of  thermotechnical  tables  of  the  thermodynamical  pn  - 
perties  of  water  vapor  [ 137] •  In  the  Handbooks  [3426,  3507],  the  same 
values  of  the  thermodynamic  functions  of  HgO  are  quoted  as  in  the 
Handbook  of  the  U.  S.  Bureau  of  Standards  [3680]. 

After  the  publication  of  Gordon's  papers  [1800,  1801],  calcula¬ 
tions  of  the  thermodynamic  fur  ions  of  H^O  were  carried  out  by  Trautz 
and  Adler  [4013],  Stephenson  and  McMahon  [3^47],  Libby  [2607],  Friedman 
and  Haar  [l6l5]*  Fichett  and  Cowan  [1555*  1556],  Glatt,  Adams  and 
Johnston  [1759]*  and  when  the  first  edition  of  the  present  Handbook 
was  being  prepared. 

Trautz  and  Adler  [4013]  and  Stephenson  and  McMahon  [3847]  calcu¬ 
lated  the  values  of  the  rotational  constant  of  the  specific  heat  of 
the  ortho  and  para  modifications  of  HgO  (up  to  50  and  300°K,  respect¬ 
ively)  by  immediate  summation  over  the  rotational  levels  of  the  water 
mclecule,  found  in  the  papers  [690*  3366].  The  calculations  by  Step¬ 
henson  and  McMahon  showed  that  the  thermodynamic  functions  of  tfcj  or¬ 
tho  and  para  modifications  of  HgO  practically  coincide  at  temperatures 
higher  than  100°K.  Moreover,  a  checking  of  the  method  of  taking  into 
account  the  centrifugal  stretching  of  molecules  in  the  calculation  of 
the  thermodynamic  functions  of  gases,  proposed  by  Wilson  [4287],  was 
carried  out  in  the  paper  [3847].* 

Libby  [2607]  calculated  the  values  for  temperatures  from 
298.15  to  773«15°K,  taking  into  account  the  anL .a rmonic ity  of  the  os¬ 
cillations  and  the  vibrational-rotational  interaction  on  the  basis  of 
the  values  of  the  molecular  constants  of  H^O,  cited  in  the  monograph 
by  Herzberg  [152].  The  same  values  of  molecular  constants  of  1^0  were 
accepted  in  the  first  edition  of  the  Handbook,  in  which  the  thermody¬ 
namic  functions  of  1^0  are  calculated  for  temperatures  from  293*15  to 
6000°K  by  Gordon's  method  [1800],  and  taking  into  account  the  centri- 


fugai.^sjbre.sa  of  the  molecules  by  Wilson's  method  [4287]  (fs  =  2.33, 1C” 
degreefnwas  accepted  according  to  [ 3847] . 

<v?^rl;edrnan-  and  Haar  [1615]  calculated  the  thermodynamic  functions 
of  sfi|OJifor  temperatures  from  270  to  5000°K  on  the  basis  of  somewhat 
jnore^fic'purate  values  of  the  present  Handbook.  This  calculation  was  car 
•ried*#'Ut  by  the.  Mayer  and  Goeppert -Mayer  method  [285]  (extended  by 
Stoei^eyen,  Kavanagh  and  Mickely  [3871]  on  polyatomic  gases),  which  is 
lessj  accxirate  than  Gordon's  method  (see  page  206) . 

-.The  differences  in  the  values  of  S°00  and  S°000,  quoted  in  Table 
15(11)  and  in  the  paper  by  Friedman  and  Haar  [1615],  and  also  in  the 
first  edition  of  the  Handbook  and  Table  15(11),  are  equal  to  0.00‘V-  and 
0.492  cal/mole* degree  in  the  first  case,  ana  0.002  and  C.077  cal/mcle* 
•  degree  in  the  second  case,  respectively.  The  satisfactory  agreer  a  u 
of  the  results  of  calculation  of  the  thermodynamic  functions  of 
in  the  first  ana  the  present  edition  of  the  Handbook  proves  the  -viva n- 
tage  of  Gordon's  method  over  the  other  approximate  methods. 

The  thermodynamic  functions  of  Hp0  calculated  by  Friedman  and 
Haar  [ 1615 '  are  cited  in  the  Handbook  [2076].* 

Fickett  and  Cowan  [1555,  1556]  calculated  the  thermodynamic 
functions  of  HpQ  from  500  to  12,000°K  in  the  harmonic  oseillut  r--’o- 
tator  model  approximation,**  very  roughly  making  into  account  the  en¬ 
harmonic  ity  of  the  vibrations,  the  vibrational-rotational  ‘ntera-f  n, 
the  central ugal  stress  and  the  excited  electronic  states  of  the  I 
molecules.  The  correction  for  the  enharmonic ity  of  the  vibrations, 
the  vibrational  and  rotational  inter?  ct ion  and  the  centrifugal  strut'- 
of  the  H-,0  molecules  were  found  in  tn-rt  capers  [1555.  lr-:  c :  Ig  -ruj.h'  ■ 
extraoolation  of  the  differences  between  the  values  of  tu«  the  mod:,  u 


approximation.  In  the  calculations  [1555*  1556 J  a  very  imperfect  at¬ 
tempt  was  also  mc.de  to  take  into  account  the  excited  electronic  states 
of  HgO. 

In  Table  44,  the  results  of  calculations  of  thermodynamic  ^func¬ 
tions  of  HgO*  carried  out  by  statistical  methods  by  various  authors, 
are  quoted  for  comparison. 

The  thermodynamic  functions  of  HgO  were  also  calculated  in  a  num¬ 
ber  of  investigations  on  the  basis  of  calorimetric  measurements  and 
measurements  of  the  pressure  of  explosion  of  hydrogen-oxygen  mixtures. 
These  calculations,  however,  could  be  carried  out  only  for  a  limited 
temperature  range  and  with  a  lower  accuracy  than  that  based  on  mole¬ 
cular  constants. 

In  the  Handbooks  [2354,  2360,  98]  the  values  of  S^qg  -^(HgO,  gas) 
are  given,  calculated  on  the  basis  of  the  results  of  calorimetric  me¬ 
asurements  at  low  temperatures  obtained  in  the  papers  [ 3734,  3042, 

3290,  3512,  1336,  1337,  1?20].  Giaque  and  Stoud  [1720]  found  in  this 
way  a  more  accurate  value  S^g  ^(H^O,  gas)  =  44.28  +  0.05  cal/mole* 
•degree,  which  is  0.8  cal/mole»degree  lower  than  the  value  calculated 
on  the  basis  of  spectroscopical  data.  According  to  Pauling  [3201],  this 
difference  is  caused  by  disordered  orientation  of  the  hydrogen  bonds 
in  ice.  Tie  calculation  of  S^g  -^(HgO,  gas),  carried  out  by  Giauque 
and  Archibald  [1711],  indirectly  corroborated  this  explanation. 

Calorimetric  measurements  of  the  specific  heat  of  water  vapor 
were  carried  out  in  a  number  of  investigations.  Keyes  [2386]  made  a 
comparison  of  the  results  of  measurements  of  the  specific  heat  of  H^C, 
obtained  at  the  temperatures  from  273*15  to  773»15°K  and  pressures  of 
<  5  atm,  making  use  of  the  results  of  Gordon's  calculations  [lSOO] 
that  were  carried  out  allowing  for  the  centrifugal  stress  of  the  mole¬ 
cules  according  to  Wilson's  method  [4287].  McCullogh  et  ai.  [ 26993 
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^.measured  the  specific  heat  of  water  vapor  in  the  pressure  interval 
1^125  atffi  at  temperatures  from  361  to  487°K  (with  an  error  not  exceed- 
g^ijg.p.2#).  The  values  of  Cp,  found  in  paper  (2699]  and  extrapolated  to 
. j|the  zero  pressure,  coincided  with  the  C°p  values  calculated  from  the 
,  ..molecular  c  onstants . 
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cal/mole* degree; 
the  present  Handbook; 
Wagman  et  al. ; 

Huff  et  all.; 


E)  Handbook  of  the  U.S. 

Bureau  of  Standards; 
E)  Friedman  and  Haar; 

G)  first  edition  of  the 
Handbook; 

H)  Fickett  and  Cowan 


Investigations  of  the  thermodynamic  equilibria  of  hydrogen-oxygen 
mixtures  were  carried  out  by  means  of  explosions  in  a  spherical  bomb 


4i6 


within  the  temperature  range  of  2100  to  2800 °K  [3242-3244,832,  432,  4306 
4307,  2601,  282,  15513 •  The  values  of  enthalpy  and  the  mean  specific- 
neat  of  water  vapor  in  the  cited  temperature  range  have  been  calcula¬ 
ted  by  these  data.  The  allowance  for  the  heat  loss  is  the  main  dif¬ 
ficulty  in  these  calculations.  The  heat  loss  was  taken  into  account  by 
Penning  and  Wiffin  [1551]  and  Medvedev  [295,  2973*  Medvedev's  calcula-. 
tions  showed  that  the  thermodynamic  functions  of  HgO,  based  on  the 
data  of  the  explosion  method,  conform  to  the  values  calculated  by 
means  of  the  molecular  constants,  but  they  are  less  accurate. 

HDO,  DgO,  HTO,  DTO,  TgO.  The  thermodynamic  functions  of  the  gas¬ 
eous  HDO,  D20,  HTO,  DTO  and  T^O,  quoted  in  the  Tables  23,  22,  32,  33 
and  31  of  the  second  volume  of  the  Handbook,  are  calculated  for  the 
temperature  range  from  293. 15  to  6000°K  with  allowance  for  the  anhar- 
monicity  of  the  vibrations,  the  vibrational-rotational  interaction, 
and  the  centrifugal  stress  of  the  corresponding  molecules.  The  calcu¬ 
lations  are  carried  out  by  the  Gordon  method  (Eqs.(II.  185)  and  (II. 
186)  on  the  basis  of  the  molecular  constants  quoted  in  the  Tables  35, 

36  and  37.  The  expression  by  Stripp  and  Kirkwood  (11.176a)  for  the 
partition  function  of  the  rotational  levels  was  used  in  the  calcula¬ 
tions,  and  the  centrifugal  stress  of  the  molecules  was  taken  into  ac¬ 
count  by  the  generalized  Wilson's  formula  (11.221)  in  which  the  same 
values  are  accepted  for  the  constants  p1  and  pg,  as  in  the  calculation 
of  the  thermodynamic  functions  of  HgO.*  The  values  of  the  constants  in 
the  Eqs.  (II.l85)-(lI.l86),  accepted  for  the  calculation  of  the  ther¬ 
modynamic  functions  of  HDO,  DgO,  HTO,  DTO,  and  T90,  are  quoted  in 
Table  45. 

The  errors  in  the  values  of  the  thermodynamic  functions  of  HDO, 
DgO,  HTO,  DTO  and  TgO,  quoted  in  the  Tables  of  the  2nd  volume  of  the 
Handbook,  are  at  T  <  3000°K  caused  mainly  by  tne  inaccuracy  of  the  ac- 
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cepted  values  of  physical  and  molecular  constants.  At  high  tempera¬ 
tures,  additional  errors  are  caused  by  using  the  approximate  method 
of  calculation,  in  which  the  necessity  of  limiting  the  number  of  le¬ 
vels  of  the  rotational  energy  was  not  taken  into  account,  and  the  num 

ber  of  levels  of  vibrational  energy  was  limited  with  an  insufficient 

* 

accuracy.  The  total  errors  in  the  values  of  these  compounds  are  es 
timated  as  equal  to  0.01;  0.05  and  0.15  cal/mole* degree  for  the  tem¬ 
peratures  of  298. 15,  3000  and  6000°  ,  respectively. 

TABLE  45 

Values  of  the  Constants  for  the  Calculation  of  the  Thermo¬ 
dynamic  Functions  of  HD0,  D20,  HT0,  DT0,  and  T^O. 


?  1 

nocToamua  A 

1 

HDO 

El 

DTO 

1 

T&  » 

! 

• 

6|;  tpad  B 

4040,47 

3907,15 

3359,42 

3380,94 

I 

9u  tpad B. 

2031,71 

1722,59 

1947,98 

15S9.17 

.  0*.  tpad?- 

5571,20 

<.053,31 

5571 ,73 

4062,31 

3457,66 

XX 

0,014782 

0,005079 

0,012395 

0,012337 

0,006705 

x* 

0,005345 

0,007901 

0,007910 

0,006428 

0,006639 

i  * 

0,021255 

0.00SS05 

0,021250 

0,015478 

0,007411 

|  .  Ifit-T.  tpad  B 

24,431 

12,615 

19,428 

15,769 

8,8342 

*  git-T.  tpad B 

i8|d7o 

123,33 

15.5SS 

11,309 

86,687 

ga-T,  tpad  B 

28,891 

l-:.632 

•  27,395 

16,258 

10,402 

C,',  tpad  B 

3,076 

2,323 

2,402 

1.90S 

1,604 

Pi.  tpad-1  B 

2.24- 10-* 

2,24-10** 

2,24-10** 

2,24-10"* 

2,24-10-* 

•P*.  .  B 

0,36-10* 

0,36-10"* 

0,36-10'* 

0,36-10-* 

0,36*10-*  j 

tpad -*• 

0,027793 

0,044110 

0,037577 

0,058097 

0,075729  | 

St  B 

0,024898 

0,022506 

0,013594 

0,023572 

0,018561  j 

at 

-0,040997 

— 0.03S2S4 

-0,037540 

-0,032033 

-0,031265 

at 

0,030799 

0,027693 

0,033908 

0,020031 

0,023218 

tu 

0,000532 

o.o.'c:i 

•J,0d0303 

0,000474 

0,000288 

0,002415 

0,602214 

0,001996 

0,001479 

0,001472 

0,001062 

0,000794 

0,001235 

0,000455 

0,000549 

ca 

-0,001518 

-0,001461 

-0,001012 

-0,001135 

-0,000904 

Ca 

0,001151 

0,001057 

0,000921 

0,000716 

0,000723 

cn 

-0,002986 

— 0,002491 

— 0,002839 

—0,001540 

-0,001676 

KOAjMtUh-tpad  0 

1,4970 

1,6507 

1,6500 

1,7362 

1,9349 

44i  KOMjMPM'tpad  C 

6,4651 

6,6185 

6,6151 

6,’7643 

6,9030 

A)  Constants;  B)  degree;  C)  cal/mole ’degree. 


Earlier,  the  thermodynamic  functions  of  gaseous  HD0,  D^O,  HT0, 
BTO,  and  To0  were  calculated  on  the  basis  of  the  molecular  constants 
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by  Libby  [2607]  ($>£  from  298. 15  to773.15°K),  Friedman  and  Haar  [1615J 
(from  270  to  5000°K),  and  during  the  compilation  of  the  first  edition 
of  the  present  Handbook  [from  293. 15  to  6000°K).  These  calculations 
differ  significantly  from  each  other  and  from  the  calculations  carried 
out  for  the  present  edition  of  the  Handbook,  both  as  to  the  chosen 
molecular  constants  and  as  to  the  methodics.  The  calculations,  carried 
out  by  Libby  and  in  the  fzrst  edition  of  the  Handbook,  were  based  on 
the  molecular  constants  of  D20,  obtained  by  Darling  and  Dennison 
[1263]  and  on  the  molecular  constants  of  HDO,  HTO.,  DTO  and  T20  calcu¬ 
lated  by  Libby  [2607].  Libby  carried  out  the  calculations  in  the  har¬ 
monic  oscillator -rigid  rotator  model  approximation,  and  in  the  first 
edition  of  the  Handbook,  the  thermodynamic  functions  were  made  by 
Gordon’s  method,  taking  into  account  the  centrifugal  stress  of  the  mo¬ 
lecules  by  Wilson’s  method.  Later  on,  it  was  shown  in  paper  [44o] 

(see  page  379)  that  the  values  of  the  anharmoniclty  constants  of  HDOi 
HTO  and  DTO  accepted  in  Libby's  paper  and  in  the  first  edition  of  the 
Handbook  were  erroneous.  In  this  paper,  the  values  of  the  other  mo¬ 
lecular  constants  of  these  compounds  and  of  D20  and  TgO  are  improved. 
Thus,  the  thermodynamic  functions  of  HDO,  D2Q,  HTO,  DTO  and  TgO  were 
calculated  anew  for  the  present  edition  of  the  Handbook. 

The  differences  in  the  accepted  values  of  the  molecular  constants 
and  some  differences  in  the  c ale  Vila t ion  methodics,*  caused  differences 
in  the  values  of  the  thermodynamic  functions  of  HDO,  D20,  HTC,  DTO  and 
T20  quoted  in  the  first  and  in  the  present  edition  of  the  Handbook. 
These  differences  are  relatively  low  at  T  <  2000°K,  but  increase  sig¬ 
nificantly  at  higher  temperatures  amounting  to  0.23  cal/mole* degree 
for  $6oq0  and  -.0.75  cal/mole 'degree  for  S|00Q. 

Friedman  and  Haar  [1615]  carried  out  the  calculation  of  the  ther¬ 
modynamic  functions  of  HDO,  D20,  HTO  and  T20  on  the  basis  of  molecu- 
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cular  constants  similar  tc  those  accepted  in  the  present  Handbook,  but 
using  the  less  accurate  method  of  Mayer  and  Goeppert -Mayer.  This  ex¬ 
plains  the  great  divergences  between  the  values  of  the  thermodynamic 
functions  of  HDO,  DgO,  HTO,  DTO  and  TgO  obtained  in  paper  [16153  and 
in  the  present  edition  of  the  Handbook.  The  differences  are  approxi¬ 
mately  equal  to  0*02  and  0.3;  0.1  and  0.9  cal/mole* degree  for  the  va- 
luesof  ^50Q  and  **QQQ,  SJ5Q0  and  S|00Q,  respectively. 

Long  and  Kemp  [2641]  measured  the  specific  heat  of  D20  from  15 
to  298°K  and  calculated  S^g  ^(D20,  gas)  by  means  of  the  obtained 
data*  The  difference  between  the  values  of  S^g  ^(DgO,  gas)  found  in 
paper  [2641],  and  those  calculated  by  the  molecular  constants  is  equal 
to  R  In  3/2  -*=  0*802  cal/mole ‘degree  and  conforms  to  the  theoretical 
suggestions  by  Pauling  [3201]  with  regard  to  the  structure  of  ice. 

-  '  *r 

H202.  The  thermodynamic  functions  of  gaseous  hydrogen  peroxide, 
quoted  in  Table  16(11),  were  calculated  for  temperatures  from  293. 15 
tp;s6600°K  in  the  rigid  rotator -harmonic  oscillator  model  approxima¬ 
tion  using  the  Eqs.  (II. 243) -(IX.  244)  in  which  the  components  R  In  2, 
R(pxT  r  2+5pV?),  R(2p^T  +  7.5p ^T2),  R(ln  2  +  T  d  In  2/dT),  and 

ASgl  were  assumed  as  being  equal  to  zero,  and  the  components  of  the 

internal  rotation  d> _ _ and  S  _ were  found  by  means  of  Eqs.  (II. 

236)  and  (11.237).  The  values  of  9^  C^,  (see  Table  46),  necessary 
for  the  calculation  by  means  of  Eqs.  (II.243)-(II„244),  were  calcula¬ 
ted  on  the  basis  of  the  molecular  constants  of  quoted  in  Table 

38.  The  values  ot  ®*v<vr  -  ^.vr  and  Ss v.vr  "  Svn.vr  1x1  2qs.(II.236) 
-(11.237)  were  found  by  using  the  Tables  of  Pitzer  and  Gwinn  [3259] 
and  the  arguments  1/Qsv>vr  =  8.584//T  and  VQ/RT  =  2225/T.  Calculating 
Qs v.vr  by  (11.231),  it  was  assumed  n  =  2,  and  2i  -  1  was  assumed 

in  the  Eqs.  (II.236)-( 11.237). 

The  errors  in  the  values  of  the  thermodynamic  functions  of  HgC^, 
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quoted  in  Table  16(11),  are  at  tempeiatures  below  1000°K  caused  mainly 
by  the  inaccuracy  of  the  accepted  value  of  the  potential  barrier  V0 
of  the  internal  rotation,  and  at  higher  temperatures  by  neglecting  the 
centrifugal  stress  and  the  vibrational-rotational  interaction.  Moreover, 
a  noticeable  error  in  the  values  of  the  thermodynamic  functions  of 
H202  was  caused  throughout  the  whole  temperature  range  by  the  inaccu¬ 
racy  of  the  accepted  structural  parameters  and  fundamental  frequencies 

* 

of  the  molecule.  The  total  error  of  the  values  of  is  estimated  as 
equal  to  0.20,  0.75  and  I.50  ca 1/mole ‘degree  at  298. 15.  3000  and 
6000°K,  respectively. _ 

The  thermodynamic  functions  of  gaseous  hydrogen  peroxide  were  cal¬ 
culated  earlier  by  Zeise  [4382],  Mickley  |_ 2898] ,  Giguere  [1728],  Gi- 
guere,  Liu,  Dugdale  and  Morrison  [ J^S?]  and  Giguere  and  Liu  [1736]. 

All  these  authors  carried  out  calculations  in  the  temperature  range 
from  298.15  to  1500°K  in  the  rigid  rotator -harmonic  oscillator  model 
approximation,  taking  into  account  the  retarded  internal  rotation  of 
the  molecule  using  the  tables  of  Pitzer  and  Gwinn  [3259].  The 

values  of  the  thermodynamic  functions  of  cited  in  the  papers  men¬ 

tioned  above,  differ  significantly  from  one  another  (up  to  1.4  cal/ 
/mole* degree)  5  a  fact  which  is  mainly  caused  by  differences  in  the  fun¬ 
ctions  which  approximate  the  potential  curve  of  the  retarded  inter¬ 
nal  rotation,  and  also  by  differences  in  the  accepted  values  of  the 
molecular  constants  of  I^C^, 

Zeise  [4382]  used  a  cosinusoidal  form  of  the  potential  curve  with 
n  -  2  for  the  calculation  of  the  thermodynamic  functions  of  HgC^;  he 
accepted  the  quantity  VQ  as  equal  to  6000  cal/mole  corresponding  to 
the  theoretical  calculations  of  Penney  and  Sutherland  [3219],  and  he 
calculated  the  moments  of  inertia  on  the  basis  of  the  underestimated 
value  =  1.4  A.  This  explains  the  fact  that  the  and  S£  values 


given  in  the  paper  [4382]  are  by  0.4  cal/mole .degree  lower  than  those 
calculated  in  the  present  Handbook.  The  thermodynamic  functions  of 
H^02,  calculated  by  Zeise,  served  as  a  basis  for  the  compilatirorf’ of 
the  tables  in  the  Handbook  [4384]  and  in  the  paper  [3426]. 

'  :  The  calculations  of  thermodynamic  functions  of  Hg02,  carried  out 
by  Mickley  [2898],  are  based  on  an  incorrect  interpretation  of  the 
vibrational  spectrum  of  HgOg,  proposed  by  Bailey  and  Gordon  [616],  and 
are,,  therefore,  erroneous.  Also  incorrect  are  the  values  of  thermody¬ 
namic  functions  of  HgOg  calculated  by  Giguere  [ 1728] ,  who,  assuming 
a  =2  and  n  *  2,  did  not  allow  for  the  correcting  term  R  In  n/o i  in 

i-  -J.  . 

the  equations  for  the  calculation  of  *T  and  S£  [see  Eqs.  (II. 236)  and 
(11.237)]. 

Giguere,  Liu,  Dugdale  and  Morrison  [1737]  calculated  the  ther¬ 
modynamic  functions  of  approximating  the  potential  curve  by  a 

cosihe  function  with  one  minimum  (r  =  1),  and  assuming  VQ  =  3500 

* 

cal/mole.  The  difference  between  the  values  at  T  =  298. 15;  1000  and 
1500°K  quoted  in  tne  paper  [1737]  and  in  Table  16(11)  amounts  to  0.62; 
0.01  and  0.07  cal/mole ‘degree,  respectively.  The  great  discrepancies 
at  low  temperatures  are  caused  by  the  fact  that  the  approximation  of 
the  potential  curve  by  a  function  with  one  minimum  very  approximately 
describes  the  lower  part  of  the  potential  curve  (see  Fig. 8),  the  form 
of  which  significantly  effects  the  values  of  the  thermodynamic  func¬ 
tions  at  these  temperatures. 

Later  on,  Giguere  and  Liu  [1736]  repeated  the  calculation  of  the 
thermodynamic  functions  of  HgOg,  assuming  n  =  2  in  the  same  manner  as 
was  done  in  the  present  Handbook.  The  small  differences  in  the  values 
of  the  thermodynamic  functions  quoted  in  the  paper  [1736]  and  in  Table 
l6(II)  are  caused  mainly  by  some  differences  in  the  accepted  values  of 
thi  molecular  constants. 
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D^02,  HDOg.  The  thermodynamic  functions  of  D2°2  and  H002,  <luo‘ted 
in  Tables  24(11)  and  25(11)  respectively,  were  calculated  for  temper¬ 
atures  from  293.15  to  6000°K  in  the  rigid  rotator-harmonic  oscillator 
model  approximation  using  the  Eqs.  (II. 243) -(II. 244)  in  which  the  ex¬ 
ponents  R  In  2,  R(p1T  +  2.5  T2),  Afc*^  R(ln  2  +  T  dln2/dT),  R(2  T  + 


p2 

+  7*5  T^)  and  AS  .  were  accepted  as  being  equal  to  zero,  and  the  com- 

P2  ex 

ponents  of  the  internal  rotation  and  S 

^  v/vo-uiv/n  ^vn.vr  vn.vr 


pl 
ie  c 

were  found  from 


(11.236)  and  (11.237).  The  values  of  0^,  and  C£  (see  Table  46) 
necessary  for  the  calculation  by  means  of  Eqs.  (II. 243)-(II. 244)  were 
calculated  on  the  basis  of  the  molecular  constants  of  D2C2  3X1(1  HDOg, 
cited  in  Table  38.  The  quantities  ($fv.vr-  $*n.vr)  311(1  (Ssv.vr  “ 

—  S,,„  )  in  the  Eqs. (II. 236)  and  (II. 237)  are  found  using  the  tables 

Vxi#  vr 

of  Pitzer  and  Gwinn  [3259]  and  the  arguments  Vq/RT  =  2225/tj  l/QsV  vr  = 
=  6. 317//T  and  7.179//T  for  DgOg  and  HDOg,  respectively.  Calculaging 

Q  by  Eq. (11.231),  it  was  assumed  n  -  2,  and,  therefore,  a.  -  1  was 

accepted  in  the  Eqs.  (II.236)-(II.237)* 

The  errors  in  the  values  of  thermodynamic  functions  quoted  in 
Tables  24(11)  and  25(11)  were  caused  by  the  same  sources  of  errors  as 
were  the  corresponding  calculations  for  H202.  Thus,  the  same  estimates 
as  those  for  HgOg  (see  page  421)  may  be  assumed  for  the  errors  in  the 
4>t  values  of  these  compounds  at  298.15s  3000  and  6000°K. 

Earlier,  the  thermodynamic  functions  of  JflX>2  and  I>202  were  cal¬ 
culated  by  the  same  method  by  Giguere  and  Liu  [1736]  for  the  tempera¬ 
tures  from  298.15  to  1500°K.  The  difference  between  the  corresponding 
values  of  the  thermodynamic  functions  of  HD02  and  D202,  quoted  in  the 
paper  [1736]  and  in  the  Tables  24(11)  and  25(11)  is  mainly  caused  by 
a  certain  difference  in  the  accepted  values  of  the  molecular  constants. 

H02.  The  thermodynamic  functions  of  hydrosuperoxyl,  quoted  in 
Table  14(11),  were  calculated  by  Eqs.  (11.243)  and  (11.244)  for  temp¬ 
eratures  from  293*15  to  6000°K.  The  calculation  was  carried  out  in 
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rigid  rotator -harmonic  oscillator  model  approximation.  The  values  of 
used  for  the  calculation  of  the  vibrational  components  of  the 
thermodynamic  functions,  and  the  constants  and  C|,  accepted  for  the 
calculation  of  the  components  of  translational  motion  and  of  the  rigid 
rotator  are  given  in  Table  46.  Owing  to  the  fact  that  the  HOg  molecule 
must  have  a  doublet  electronic  ground  state,  the  addends  R  In  2  are  in 
Cluded  into  the  values  of  and  C£.  The  excited  electronic  states  of 
HOg  are  not  taken  into  account  in  the  calculation  of  the  thermodynamic 
functions  of  the  hydrosup eroxyl. 


TABLE  46 

Values  of  the  Constants  for  the  Calculation  of  the 
Thermodynamic  Functions  of  HgOg,  DgOg,  ®°2  an<*  ^°2’ 


— 1 — 

*  A 

•t 

- 

o» 

«. 

4 

*  ! 
c*  ! 

B  flwd 

« 

c  K**l**A*'ipca  -  ; 

HA 

5151 

1SS3 

1266 

5194 

1822 

-0,0071 

1 

7  *9420  j 

DA 

3813 

1335 

1266 

1363 

1,0052 

8.9543  1 

HDQ* 

5172 

1856 

1266 

3820 

1381 

1.9452 

9,8343  { 

HQ, 

5180 

1870 

1295 

— 

— 

1,7630 

9,7121  ! 

> 

- 1 

A)  Substance;  B)  degree;  C)  cal/mole* degree. 


The  main  errors  in  the  values  of  thermodynamic  functions  quoted 
in  Table  l4(II)  were  caused  by  the  lack  of  reliable  data  on  the  con¬ 
stants  of  the  HOg  molecule  (see  page  392),  by  the  neglect  of  the  an- 
harmonicity  of  the  vibrations,  as  well  as  of  the  vibrational -rotation¬ 
al  interaction  and  the  centrifugal  stress  in  the  calculation  of  the 

thermodynamic  functions,  and  also  by  neglect  of  excited  electronic 

* 

states  of  HOg.  The  errors  of  the  calculated  values  amount  to  0.3; 
1.2  and  2  cal/mole ‘degree  at  298.15;  3000  and  6000°K. 

Other  calculations  of  thermodynamic  functions  of  hydresuperoxyl 
ha're  not  been  published. 
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OH.  The  thermodynamic  functions  of  OH,  quoted  in  Table  11(11), 
were  calculated  by  Eqs.  (11.34)  and  (11.35)  for  temperatures  from 
293.15  to  20,000!>K.  Only  the  electronic  states  X2^,  A22+  and  B2Z*  of 
the  OH  molecule  are  taken  into  account  in  the  calculation;  the  C2St 
state,  having  an  excitation  energy  of  about  90*000  cm  \  was  neglected 
because  the  contribution  o-f*  this  state  to  the  thermodynamic  functions 
is  negligible  up  to  20,000°K  (it  amounts  to  “0.001  cal/mole • degree  in 

the  *20,000  value)* 

The  calculation  of  the  values  of  Qkol.vr  and  T  ^kol.vj/®*  ln 
Eqs.  (11.28)  and  (II.29)  was  carried  out  for  each  of  the  three  states 
by  a  BFSM.  Programming  the  electronic  computer,  the  levels  of  the  vi¬ 
brational  end  rotational  energy  are  given  by  equations  with  constants 
quoted  in  Table  4l,  with  exclusion  of  the  vibrational  energy  levels  of 
the  ground  state  with  quantum  numbers  v  =  0-9,  for  which  the  experi¬ 
mental  values  of  GQ(v)  quoted  in  Table  40  are  programmed.  The  levels  of 
the  rotational  energy  of  OH  in  the  X2^  state  were  calculated  by-  the 
Hill  and  Van  Vleck  Eq.  (1.25)  with  separate  summation  over  the  levels 
of  the  2fl3/2  311(1  2jji/2  sut,states*  1116  multiplicity  of  the  excited 
A22+  and  B2Z+  states  was  taken  into  account  by  the  factor  2  in  the  ex¬ 
pression  for  ,  as  the  splitting  of  the  energy  levels  is  negli¬ 

gible.  J  as  a  function  of  v  is  given  in  Pig.  9  for  each  state. 

A$  =  I.I6336  and  Ag  =  6.13156  cal/mole ‘degree  are  accepted  for  the  cal¬ 
culation  of  the  translational  components  of  the  thermodynamic  functions. 

The  error  of  the  values  of  thermodynamic  functions  of  OH,  calcu¬ 
lated  in  this  way,  amounts  to  approximately  0.01  cal/mole ‘degree  at 
T  <  la^OO^K,  It  is  caused  mainly  by  the  inaccuracy  of  the  physical 
constants.  At  T  >  12,000°K,  the  inaccuracy  of  the  determination  of  the 
rotational  energy  levels  with  great  J  values  by  the  equations  with  the 
accepted  constant  values  begins  to  play  a  part.  In  particular,  the  ne- 
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gleet  of  the  rotational  constant  He  in  the  ground  state  of  the  OH  mol- 

-  ecule  manife s t s  itself.  This  causes  a  total  error  of  the  order  of  0.1 
.  # 

cal/mole* degree  in  the  $2q  qoo  value.  Owing  to  the  fact  that  the  excit 
ed  electronic  states  of  OH  possess  relatively  high  excitation  energies 
i§pdfthe  levels  of  the  vibrational  energy  of  OH  in  these  states  are  de¬ 
termined  experimentally  up  to  the  convergence  limit,  the  error  caused 
in£the  calculation  by  the  inaccuracy  of  the  molecular  constants  of 
:tEe?exc ited  state s  is  insignificant. 


.  *-  Pig.9»  J„,DV  as  a  function  of  v  for 

luaA  “■ 

the  electronic  states  X^.,  A2Z+ 

. .  ?  +  1 

and  B  2  of  the  OH  molecule. 

The  first  table  of  the  thermodynamic  functions  of  OH  up  to 
5000°K  was  compiled  by  Johnston  and  Daws  ;_i  in  1933  [2275]  on  the  ba¬ 
sis  of  a  calculation  by  immediate  summation  over  the  vibrational  and 
rotational  energy  levels  of  the  X2IIi  and  A2Z+  electronic  states,  using 
recurrence  formulas.  The  recalculation  of  this  table  for  the  new  va¬ 
lues  of  the  physical  constants  (as  it  was  made,  obviously,  in  the 
Handbooks  [3680,  3507>  2142,  3426] )  leads  to  values  of  the  thermodyna¬ 
mic  functions  of  OH  conforming  to  the  corresponding  values  of  Table 
11(11)  within  the  limits  of  some  thousandths  of  cal/mole* degree.  The 
calculation  of  the  thermodynamic  functions  of  OH  up  to  5000°K  was  car¬ 
ried  out  also  by  Kaar  and  Friedman  [1910]  on  an  electronic  computer. 


The  differences  between  the  values  of  the  thermodynamic  functions  of 

OH  in  '"able  11(11)  and  the  calculation  results  by  Haar  and  Friedman 

increase  with  rising  temperatures  and  amount  to  0.028  cal/mole* degree 
* 

in  the  Q^qqq  value.  This  is  explained  mainly  by  the  fact  that  Haar  and 
Friedman  based  their  calculation  on  the  Mayer  and  Goeppert-Mayer  me¬ 
thod  (see  page  15^  which  leads  to  incorrect  results  at  high  tempera¬ 
tures.  In  the  first  edition  of  the  Handbook,  the  calculation  of  the 
thermodynamic  functions  of  OH  was  carried  out  by  the  tabular  method 
of  Gordon  and  Barnes  up  to  6000°K.  The  differences  in  the  values  of 
the  hydroxyl  in  the  first  and  the  present  editions  of  the  Handbook  do 
not  exceed  0.004  cal/mole« degree. 

After  the  calculations  for  the  present  Handbook  were  finished, 

v  — 

the  paper  by  Baumann  [688]  was  published  dealing  with  the  calcu  ation 
of  the  partition  function  of  the  intermolecular  states  of  the  OH  mole¬ 
cule.  Baumann  [688]  developed  a  new  equation  (in  the  same  manrer  as 
it  is  used  in  the  present  Handbook)  for  the  vibrational  levels  conver¬ 
ging  to  the  dissociation  limit,  calculating  the  values  of  vmaz  and 

Jjnax  for  each  v  using  the  potential  function  of  Gulbert  and  Hirsch- 

* 

felder,  and  calculating  by  immediate  summation  on  an  electronic 

computer  for  the  temperatures  of  2000,  5000,  6000  and  10,000°K.  The 
results  obtained  by  Baumann  confirm  admirably  to  the  values  of  ther¬ 
modynamic  functions  of  OH  quoted  in  the  present  Handbook  (the  diver- 
gence  in  $>T  amounts  to  0.008  cal/mole» degree  at  10,000°K). 

OD,  OT.  The  thermodynamic  functions  of  deuteroxyl  and  tritoxyl, 
quoted  in  Tables  21(11)  and  30(11)  for  temperatures  from  293. 15  to 
6000°K,  were  calculated  by  Eqs.(II.l6l)  and  (II. 162)  using  the  mole¬ 
cular  constants  of  OD  and  OT  accepted  in  Table  42.  The  values  of 
InZ  and  T  d/2r  in  these  equations  were  calculated  by  the  Gordon  and 
Barnes  method  (the  Eqs. (11.137)  and  (11.138);  the  values  of  InA^  and 
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T  d/dT  Xn^j  were  calculated  using  the  relations  obtained  by  Khachkuru- 
zov:  And  Brounshfceyn  for  diatomic  gases,  the  molecules  of  which  are  in 

740’:^*:  7 -4  *  4  & 

the:;  fn  state  (see  Eqs.  (11.149)  and  (11.150)).  A  correction  for  the 
limited;  summation  over  J  in  Eqs.  (11.137)  and  (II.138)  was  not  taken 
intcftdccoUht.  The  components  of  the  first  excited  electronic  state 
A“2?ofiithe  OT  and  OD  molecules  were  taken  into  account  by  meats  of 
Eqsi4ip:I.i2d)  and  (11.121),  i.e.,  without  differentiating  betv/een  the 
constants  of  the  ground  and  the  excited  state.  The  values  of  C$,  Cg, 

0  and  x  and  also  of  the  constants  in  Eqs.  (II.137)  and  (II. 138),  ac¬ 
cepted  in  the  calculation  of  the  thermodynamic  functions  of  OD  and 
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OT,  .axe  quoted  in  Table  47* 

TABLE  47 


Values  of  the  Constants  for  the  Calculation  of  the  Thermo¬ 
dynamic  Functions  of  OD,  OT  and  0H“ 


A 

Bcagecno 

-  '  . 

B 

• 

x-10* 

3.-10* 

At-td* 

9.  d.  10* 

t*  ~r~ 

Co 

c*  i 

**  c 

- 

- 

- 

C  9P&* 

D  KOJjMOAt-ipad 

OD 

OT 

OH* 

X*U/ 

x»Hf 

X'£ 

3914.0 

3386.2 

6042.32 

16.243 

13.66 

2,0834 

2,302 

9,80 

0|9 

0,070447 

0,00968 

5,96 

6.00 

— 1,1810 
1,4970* 
-5,6099 

5,7740 

6,4649* 

1,3455 

a)  The  values  of  A^  and  Ag,  respectively,  are  given.  A) 
Substance;  B)  state;  C)  degree;  D)  cal/mole*degree. 


The  errors  in  the  values  of  the  thermodynamic  functions  of  OD  and 

OT  are  caused  at  T  <  4000°K  mainly  by  the  inaccuracy  of  the  accepted 

values  of  the  molecular  constants.  At  higher  temperatures,  the  errors 

in  the  thermodynamic  functions  of  OD  and  OT,  quoted  in  Tables  21(11) 

and  30(11)  increase  owing  mainly  to  the  lack  of  a  limited  summation 

* 

over  J  in  the  calculations.  The  errors  in  the  values  of  deuteroxyl 
and  tritcxyl  are  estimated  as  0.003;  0.015  and  0.04  cal/mole» degree 
at  °98.15;  3000  and  6000°K,  respectively. 
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The  thermodynamic  functions  of  OD  were  calculated  for  the  first 
time  by  McDonald  [2700]  in  the  harmonic  oscillator-rigid  rotator  model 
approximation  (fc^  for  T  =  1000-3000°K).  Haar  and  Friedman  [1910]  cal¬ 
culated  the  thermodynamic  functions  of  OD  and  OT  within  250-5000°K  us¬ 
ing  a  method  similar  to  the  Mayer  and  Goeppert-Mayer  method  [285]. 

* 

The  values  of  deuteroxyl,  obtained  by  McDonald  for  1000  and 
3000 CK,  differ  from  the  corresponding  values  in  Table  21(11)  by  0.08 
and  0.30  cal/mole» degree  owing  to  the  neglect  of  the  anharmonicity  of 
the  vibrations  of  OD  and  other  simplifications  in  the  calculations  in 
[2700].  The  differences  between  the  values  of  the  thermodynamic  func¬ 
tions  of  OD  and  OT  quoted  in  the  paper  by  Haar  and  Friedman  [1910] 
and  in  the  present  Handbook  are  at  T  <  3000°K  essentially  lower.  These 
differences  increase  at  rising  temperatures  and  attain  0.011  and 
0.072  cal/mole* degree  in  the  values  of  ^000  and  s^000j  respectively, 
owing  to  the  inaccuracy  of  the  Mayer  and  Goeppert-Mayer  method. 

0H+.  The  thermodynamic  functions  of  the  gas  consisting  of  0H?" 
ions  and  quoted  in  Table  12(11)  were  calculated  by  Eqs.  (11.34)  and 
(11.35)  in  the  temperature  range  from  293. 15  to  20,000°K,  using  the 
molecular  constants  accepted  jn  Table  43.  The  calculation  of  the  va¬ 
lues  of  Qj^  and  T  d/dl'  oj^  ^  for  the  electronic  ground  state 
was  carried  out  on  an  electronic  computer*  by  immediate  summation 
over  the  levels  of  the  vibrational  and  rotational  energy,  programmed  by 
means  of  the  corresponding  equations,  and  taking  into  account  finite 
values  of  v  and  J.  As  an  approximate  calculation  has  shown,  the  allow¬ 
ance  for  the  multiplet  splitting  of  the  rotational  levels  in  the  el- 

4* 

ectronic  ground  state  of  OH  by  means  of  the  accepted  values  of  the 
quantities  e  and  y  (see  Table  43)  leads  even  at  room  temperature  to 
almost  the  same  results  as  when  the  splitting  is  neglected.  Thus,  the 
multiplicity  of  the  X^2+state  was  taken  into  account  by  introduction  of 


the  statistical  weight  of  3  into  the  expression  for  ^  . 

The  A%  state  was  taken  into  account  in  the  calculation  by  Eqs. 

(IT. 120)  and  (11.121),  i.e.,  the  difference  between  the  vibrational 

■r  "3  ..  '3 

and  rotational,  constants  of  the  and  AJn,  states  were  neglected, 

thus  causing  noticeable  errors  above  10,000°K.  However,  the  magnitudes 

of  these  errors  are  unimportant  in  comparison  with  the  total  error  of 

+ 

the  thermodynamic  functions  of  OH  at  these  temperatures. 

The  constants  A$  and  Ag  are  accepted  as  beir  ;  equal  to  1.16336 

and  6.13156  cal/moie* degree,  respectively,  in  the  calculation  of  the 
traixsla-! : o lal  components  of  the  thermodynamic  functions  of  0H+. 

As  li  was  shown  in  §30*  the  molecular  constants  of  0H+  contain 
noticeable  errors  owing  to  the  difficulties  in  determining  the  zero 
lines  of  the  bands  and  also  owing  to  the  insufficient  number  of  inves¬ 
tigated  vibrational  levels.  The  uncertainties  in  the  values  of  the 
thermodynamic  functions  of  0H+,  caused  by  these  errors,  increase  ra¬ 
pidly  with  rising  temperatures.  Taking  also  into  account  the  uncertain¬ 
ty  caused  by  the  lack  of  data  on  excited  electronic  states  (see  page 
^07),  the  total  uncertainty  of  may  amount  to  0.03  cal/mole* degree 
at  ?000°K  and  to  1.0  cal/mole ‘degree  at  20,000°K. 

Information  on  other  calculations  of  the  thermodynamic  functions 
of  0H+  is  missing  in  literature. 

OH".  The  thermodynamic  functions  of  the  negative  hydroxyl  ior., 
quoted  in  Table  13(11),  were  calculated  by  Eqs.  (II.161)  and  (II. 162) 
in  the  rigid  rotator-harmonic  oscillator  model  approximation,  using 
the  molecular  constants  of  OH"  accepted  in  Table  43.  The  values  of  the 
constants  and  Cg  in  the  formulas  for  the  calculation  of  the  ther¬ 
modynamic  functions  of  OH**  and  also  the  values  of  0  are  quoted  in 
Table  47. 

The  uncertainties  of  the  calculateu  values  of  thermodynamic  func- 


tions  of  0H“  are  caused  by  the  inaccuracy  of  the  accepted  values  of 

molecular  constants  and  the  approximate  character  of  the  calculation. 

* 

They  amount  to  0.05*  0.35  and  0.25  cal/mole* degree  in  the  values 
for  298.15J  3000  and  6000°K,  respectively. 

Information  on  other  calculations  of  the  thermodynamic  functions 
of  0H“  is  missing  in  literature. 

§32.  THERMOCHEMICAL  QUANTITIES 

The  difference  between  the  thermochemical  quantities  of  compounds 
of  the  natural  isotopic  mixture  of  hydrogen  and  of  the  protium  com¬ 
pounds  is  not  taken  into  account  in  this  section  because  this  differ¬ 
ence  is  significantly  smaller  than  the  uncertainties  of  the  quantities 
in  question. 

H^O  (gas).  A  thorough  analysis  of  the  results  of  calorimetric 
measurements  of  the  heat  of  combustion  of  hydrogen  in  oxygen,  carried 
out  up  to  1931,  is  given  in  the  papers  by  3ichowsky  and  Rossini  [813] 
and  Rossini  [3^91]- 

The  most  accurate  measurement  of  the  heat  of  formation  of  liquid 
water  was  carried  out  by  Rossini  [3491]  •  The  quantity  AH°**298.15  (**?° 
liqu.)  =  -68.313  +  0.010  kcal/mole,  found  in  the  paper  [3^91]*  was 
subsequently  improved  by  Rossini  [3499*  4122]  taking  into  account  the 
nonideality  of  the  investigated  system  and  improving  the  values  of  the 
atomic  weights  and  physical  constants.  The  value  of  AH°fg^g  ^  (H^O, 
liqui)  =  -68.317  +  0.010  kcal/mole  obtained  by  Rossini  in  [4122]  was 
accepted  in  the  Handbook  of  the  U.  S.  Bureau  of  Standards  [ 3508] .  The 
most  accurate  value  of  the  heat  of  evaporation  of  water,  AH0v20g  ^ 
(H^O,  liqu.)  =  10,519  +  0.002  kcal/mole,  was  found  by  Osborne,  Stimson 
and  Ginnings  [31491* 

The  value  of  the  heat  of  formation  of  water  vapor  accepted  in  the 
present  Handbook  is  based  on  the  values  of  heat  of  formation  of  liquid 


water  and  its  heat  of  evapo. ation,  cited  above: 

A//7ms>15  (KjO,  9«)=  -57, 7£2±  0,010  kcal/mole. 

The  value  of  the  dissociation  energy,  corresponding  to  this  value,  is 

equal  to 

D«(HaO)  »  219,361  ±0,035  kcal/mole. 

DgO  (gas).  Flood  an  Tronstad  [1568]  determined  for  the  first  time 
in  1935  the  ratio  between  the  heats  of  formation  of  D20  (liqu. )  and 
HgO  (liqu.)  by  measuring  the  heat  of  explosion  of  D2  +  02  and  +  02 
mixtures  in  a  calorimetric  bomb.  Flood  and  Tronstad  found  that  this 
ratio  is  equal  to  1.027  +  0.003  at  298.15°K. 

Rossini,  Knolton  and  Johnston  [3506]  also  determined  the  ratio 
of  the  heats  of  formation  of  D20  (liqu.)  and  li^O  (liqu.)  combusting 
hydrogen  and  deuterium  in  an  oxygen  flow  at  constant  pressure.  A  va¬ 
lue  equal  to  1.03068  +  0.00029  was  found  as  the  result  of  the  meas¬ 
urements  carried  out.  Using  the  value  of  formation  of  J^O  (liqui. ' 
accepted  in  the  present  Handbook  and  the  ratio  of  the  heats  of  for¬ 
mation  of  D20  and  HgO,  obtained  by  Rossini,  Knowlton  and  Johnston, 
we  find:  AH°f  2Qg  (DgO,  liqu.)  =  -70.413  +  0.023  kcal/mole. 

In  the  paper  [3506],  besides  the  ratio  of  the  heats  of  formation 
of  Do0  and  11,0,  the  ratio  of  the  heats  of  evaporation  of  D20  and  H20 
was  also  found,  equal  to  1.03145  +  0.00075  at  298.15°K,  the  value  of 
which  -together  with  the  cited  value  of  the  heat  of  evaporation  of 
HpO  -  leads  to  the  value  AH°v2^g  (D20)  =  10.850  +  0.009  kcal/mole. 

The  value  of  the  heat  of  formation  of  gaseous  deuterium  oside, 
based  on  the  results  of  the  calorimetric  measurements  in  [3506], 

A/r/a,.H(0*0,  ts»)  =  —  59,553  4;  0,025  kca  1/mole  , 
is  accepted  in  the  present  Handbook.  The  energy  of  dissociation,  cor¬ 
respond!  ig  to  this  value,  is 


D0  (D30)  =  222,91 1  ± 0,040  kca  1/mole , 

and  corresponds  excellently  to  the  value  of  222.925  +  0.037  kcal/mole, 
calculated  by  Eqs.(IV.17)  on  the  basis  of  the  values  of  Dq(H20)  and 
the  vibrational  constants  of  HgO  and  ,  accepted  in  the  Handbook. 

HD0  (gas),  HT0  (gas),  DT0  (gas),  T20  (gas).  The  heats  of  formation 

of  HD0,  HTO,  DT0  and  T20  have  not  been  determined  experimentally.  We 

give  below  the  values  of  the  dissociation  energies  of  these  compounds 

calculated  by  Eqs.  (IV.  17)  using  the  accepted  values  of  D^l^O)  and  the 

vibrational  constants  of  IlgO,  HD0,  HTO,  DT0  and  T20: 

D0  (HDO)  —  221 ,083  ±  0,040  kca  1/tnole  $ 

D0 (HTO)  =  221,833-4-0,040  kcal/mole  , 

DQ(DTO)  =  223.672  ±0,040  kcal/mole, 

D0 (T*0)  =  224,469  ±  0,040  kca 1/mole  . 

These  values  of  the  dissociation  energies  are  accepted  in  the  present 
Handbook.  The  following  values  of  heats  of  formation  correspond  to 
them: 

Aff7o(HDO.  «**)  =  —  57,927 ~jz 0,050  kcal/mole, 

A«7o(HTO.  58.276  +  0,050  kcal/mole. 

Aff 7o (DTO,  ^)  =  — 59,210^0.050  kcal/mole, 

A H°f0  (T-O,  &*)  =  —  59,605  ±  0,050  kca  1/m  ole. 

^2^2  (Sas)i  D2°2  (gas)>  HD02  (gas)*  The  results  measurements 
of  the  heat  of  formation  of  liquid  hydrogen  peroxide,  obtained  in  ear¬ 
lier  papers  [1536,  1537,  3980,  3981,  774,  782,  783,  1581,  2504,  1992] 
are  insufficiently  accurate.  The  most  accurate  values  of  the  heat  of 
formation  of  hydrogen  peroxide  were  obtained  by  measuring  the  heat  of 
decomposition  of  liquid  H202>*  Matheson  and  Maas  [2802]  measured  the 
heat  of  decomposition  of  97*15  and  38.05#  solutions  of  hydrogen  perox¬ 
ide  and  calculated  on  the  basis  of  these  measurements  the  heat  of  de¬ 
composition  of  a  100#  hydrogen  peroxide  as  equal  to  =  -23*45 

kcal/mole.  Roth,  Grau  and  Meichsner  [3527]  obtained  by  the  same  method 
the  value  =  -23*48  kcal/mole,  practically  coincident  with  the 


foregoing  value.  Fontana  [1579]  measured  the  heat  of  decomposition  of 
a  diluted  hydrogen  peroxide  solution  (^02*8880  H^O)  and  obtained  a 
value  which  proves  the  measuring  results  of  Roth  et  al.  [3527].  On  the 
basis  of  measurement  data  cited  in  the  papers  [2802,  3527]#  Giguere 
[1728]  recommended  the  value  =  -23.47  kcal/mole.  A  significantly 

different  value,  AH^g  =  -24.3  kcal/mole,  was  obtained  by  Medard 
[28343.  However,  the  details  of  this  experimental  investigation  and, 
therefore,  the  reliability  of  the  value  recommend  by  Medard,  remain 
obscure. 

Thorough  investigations  of  the  thermodynamic  properties  of  hydro¬ 
gen  peroxide  and  deuterium  peroxide  including  the  determination  of  the 
heats  of  their  formation  were  carried  out  by  Giguere  and  coworkers 
[1728,  1573#  1737#  1736,  1738].  In  the  paper  by  Giguere,  Morri  ssette , 
Olmos  and  Knop  [1738],  the  heats  of  decomposition  of  pure  H2C>2  and 
D202  and  of  their  solutions  are  measured.  In  the  same  paper,  the  heats 
of  evaporation  of  the  peroxides,  the  heats  of  their  mixing  with  water 
and  the  specific  heats  of  the  solutions  of  the  peroxides  are  measured. 
Thus,  all  data  necessary  for  the  calculation  of  the  heats  of  formation 
of  gaseous  hydrogen  and  deuterium  peroxide  under  standard  conditions 
were  obtained  in  one  series  of  experiments.  Moreover,  in  this  paper 
the  heats  of  decomposition  not  only  of  solutions  but  also  of  100$  per¬ 
oxides  were  for  the  first  time  Investigated.  Giguere  et  al.  [1738]  ob¬ 
tained  the  following  values  for  the  heats  of  decomposition  of  liquid 
I^Og  and  I>202:  _23*44  +  0.02  kcal/mole  and  -23*41  +  0.02  kcal/mole,  to 
which  correspond: 

A//7-*. u(HjO:.  uquid  )  =  — 44,88  ±0,03  kcal/mole, 

4W°/shj» (D.Oj,  Uquid )  =  —  47,02  ±  0,06  kcal/mole . 

The  heats  of  evaporation  of  HgOg  and  D2C>2  at  298.15°K  are,  cor¬ 
responding  to  [1738],  equal  to  12.34  +  °.C3  emu  12. 51  +  0.05  kcal/mole. 


respectively. 

On  the  basis  of  these  values,  we  obtain  the  following  values  for 

the  heats  of  formation  of  gaseous  peroxides  HgOg  and 

A//°/asfts  (HjOj,  =  — -  32.54  -4-  0.04  kca  1/tnole, 

A//0/*,*  (DjO.,  m*)  =  —34,51  ±0,08  kcal/mole. 

which  are  accepted  in  the  Handbook.  To  these  values  correspond 

D0  (HA)  =  252,282  ±  0,07  kca  1/mole, 

D«(P»0*)=  256.137 ±0,09  kcal/mole. 

The  dissociation  energy  calculated  by  Eq.  (IV.17)*  using  the  ac¬ 
cepted  values  of  DQ(  1^0,3 )  and  the  vibrational  constants  of  H202  and 
D202,  is  equal  to  256.10  +  0.20  kcal/mole,  the  value  of  which  con¬ 
forms  admirably  to  the  value  accepted  in  the  Handbook. 

The  value,  accepted  in  the  Handbook  is 

Dt(HDO*)s;  254,15  +  0,26  kcal/mole, 

it  was  calculated  by  Eq.  (IV.  17)  using  the  accepted  values  of  DQ(Ho02) 
and  the  vibrational  constants  of  H202  and  HD02.  The  value  of  the  heat 
of  formation,  which  corresponds  to  it,  is 

A//°;_  ;HDO,t  p»)  =  —  32.007 ±0,28  kcal /«. -?.*•-. 

H02  (gas).  Several  authors  made  attempts  to  calculate  the  disso¬ 
ciation  energy  DQ(H  —  02).  The  results  of  estimations  of  X)(H  —  02), 
carried  out  by  various  authors,  are  thoroughly  analyzed  in  the  papers 
by  Walsh  [4137]  and  Foner  and  Hudson  [ 1575] •  In  the  present  Handbook, 
only  the  fundamental  works  dealing  with  this  problem  are  discussed. 

Bodenstein  and  Schenck  [855],  studying  the  reaction  of  chlorine 
with  hydrogen  in  presence  of  oxygen,  drew  the  conclusion  that  the  re¬ 
tardation  of  this  reaction  was  caused  by  the  formation  of  the  ra¬ 
dical,  and  they  estimated  the  value  of  DQ(H  —  02)  as  equal  to  4C  Heal/ 
/mole.  Haber  and  Weiss  [1914]  found  from  the  results  of  an  investiga¬ 
tion  of  the  Fe**  —  FeH  1  —  HgC^  system,  that  DQ(H  —  02)  =  50  kcal/mole. 


Bray  [9133  estimated  Dq(H  —  02)  as  equal  to  51  kcal/mole  by  compari¬ 
son  of  H02  with  H0C1. 

Walsh  [4137]  carried  out  a  thorough  analysis  of  the  estimated 
values  of  DQ(H  -  02)  and  came  to  the  conclusion  that  the  dissociation 
energy  of  the  H  -  02  bond  must  be  significantly  higher  than  50  kcal/ 
/mole,  the  found  using  various  data  for  halogens,  02,  H20,  OH  and 
Hg02,  that  Dq(H  -  02)  must  be  approximately  equal  to  60  kcal/mole. 

hus,  the  values  of  DQ(H  —  o2)  estimated  by  various  authors,  lie 
within  4-0-60  kcal/mole. 

In  1955  Poner  and  Hudson  [15751  determined  the  potential  of  oc- 
ourrence  of  the  H0+  ion  from  E,02  (15.41  +  0.1  ev)  and  the  ionization 
potential  of  H02  (11.53  ±0.1  ev).  These  investigators  showed  that  in 
the  case  of  the  dissociative  ionization  of  H^  the  kinetic  energy  of 
the  reaction  products  may  be  assumed  as  being  equal  to  zero,  and  they 
calculated  DQ(H  -  H02)  =  3*88  ev  =  89.5  kcal/mole.  Using  this  value 
and  the  well  known  thermochemical  data  for  H^  [3854],  Foner  and 

Hudson  [15753  found  DQ(H  -  02)  »  2.04  +  0. 1  ev  «  47  +2  kcal/mole  and 
the  later  estimation  by  Robertson  [3452]  (46  ±  7  kcal/mole)  based  on 
the  results  of  the  ionization  of  HgOg  by  electron  impact,*  conform  ad¬ 
mirably  to  this  value.  The  calculation,  based  on  the  thermochemical 
data  accepted  in  the  present  Handbook  and  on  the  value  of  DQ(H  -  02) 
calculated  by  Poner  and  Hudson  [15753  leads  to  the  value 

D«(H0*)  =  165^3  kcal/mole, 

which  is  accepted  in  the  present  Handbook.  The  value 

an )  =  4,606 ±3  kcal/mole. 

corresponds  to  the  accepted  value  of  the  dissociation  energy  of  H02.** 
OH  (gas).  The  dissociation  energy  of  the  hydroxyl,  was  repeatedly 
determined  by  various  methods.  The  results  of  the  determination  of 
th  s  quantity,  published  up  to  1950,  are  thoroughly  analyzed  by  Dam- 
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kohler  and  Edse  [ 1259*  1464] .  However,  new  data  has  been  obtained 
after  the  publication  of  these  surveys,  making  it  possible  to  deter¬ 
mine  the  value  of  DQ(OH)  with  much  greater  accuracy.  A  short  review  of 
the  values  of  Dq(OH),  obtained  by  various  authors  up  to  i960,  is  given 
in  Table  48. 

The  most  accurate  results,  obtained  by  investigations  of  the  pho¬ 
tolysis  of  water  vapor  under  the  effect  of  excited  mercury  atoms,  were 
reported  in  the  paper  by  Richemeier,  Senftleben  and  Pastorff  [3439]  • 
Damkohler  and  Edse  [1259*  1464]  showed  that  the  data  quoted  in  paper 
[3439]  allows  the  determination  of  the  upper  limit  of  the  possible 
values  of  the  dissociation  energy  of  hydroxyl  as  being  equal  to  104.8 
kcal/mole,  and  found  that  the  lower  limit  Dq(OH)  is  101.8  kcal/mole, 
may  be  determined  on  the  basis  of  the  results  of  investigation  of  the 
photochemical  dissociation  of  hydrogen  peroxide  vapor  [4039]. 

In  the  papers  [4307,  282,  295,  299],  the  pressures  of  explosions 
of  hydrogen-oxygen  mixtures  are  measured.  A  compar ison  of  the  calcu¬ 
lated  values  of  the  explosion  pressures  with  the  experimentally  found 
values  allows  the  determination  of  the  thermal  effect  of  the  dissoci¬ 
ation  reaction  H^O  -+  OH  +  1/2H,,.  A  deviation  of  the  experimental  con¬ 
ditions  from  the  adiabatic  ones  in  the  works  [4307,  282]  resulted  in 
overevaluated  values  of  DQ(0H)  (see  [295*  299]).  In  the  works  by  Med¬ 
vedev,  Korobov  and  Baybuz  [295*  299]  the  experiments  were  carried  out 
under  conditions  which  were  similar  to  adiabatic  ones,  and  it  was  found 
D0(0H)  =  102.2  +1.0  kcal/mole. 

Bonhoeffer  and  Beichardt  [86l],  Avramenko  and  Kondrat'yev  [59]* 
Dwyer  and  Oldenberg  [1433]*  and  Pur  al*  and  Frost  [340]  measured  the 
intensity  of  the  absorption  spectrum  of  hydroxyl  formed  in  the  reaction 
H^O  +  l/202  =  20H,  and  calculated  by  means  of  Van’Hoff’s  isochore  equ¬ 
ation  the  thermal  effect  of  this  reaction.  The  work  by  Dwyer  and  Olden- 
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berg  [14333 ,  in  which  the  value  DQ(OH)  =  100. 7  +  65  kcal/mole  was  ob¬ 
tained,  was  for  a  long  time  reputed  to  be  the  most  accurate  one.  Pur- 
mal*  and  Frost  [340]  allowed  for  the  effect  of  the  temperature  gradient 
along  the  length  of  the  reaction  tube,  which  was  an  essential  improve¬ 
ment  on  the  results  in  comparison  with  the  paper  by  Dwyer  and  Olden- 
berg  [1433] . 

-  TABLE  48 


Results  of  the  Determination  of  the  Dissociation  Energy  of 
Hydoxyl  a. 


A  AblOpU 

- B — 
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a)  The  individual  results  contain  corrections  which  take  into 
account  the  values  of  the  heat  of  formation  of  monatomic  hydro¬ 
gen  and  oxygen,  accepted  in  the  present  Handbook. 

b)  Recalculated  by  Camko.iler  and  Edse  r  1259,  1464] . 
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A]  Authors; 

B]  year  of  publication; 

C]  method  of  determination; 

D]  kcal/mole; 

1)  Senftleben,  Rehren; 

2)  Gaviola,  Wood; 

3)  Eonhoeffer,  Reichardt; 

4)  Urey,  Dawsey,  Rice; 

5)  Bates; 

6)  Wohl  and  Magat 

7  Richemeier,  Senftleben,  Pastor iff; 

8]  Tanaka,  Koana; 

9]  Lewis,  Elbe; 

10]  Avramenko,  Kondrat'yev; 

11]  Dwyer,  Olderiberg; 

12]  Purmal  and  Frost 
.  13]  Gaydon; 

14]  Medvedev,  Korobov,  Baybuz; 

15'  Hornbeck; 
l6]  Barr owl 

IT)  photolysis  of  water  vapor  under  the  effect  of  excited  mer¬ 
cury  atoms; 

18)  the  same; 

19)  measurement  of  the  concentration  of  OH  formed  in  the  reaction 
H^O  +  l/202  =  20H  on  the  basis  of  the  absorption  spectra; 

20)  photochemical  dissociation  of  hydrogen  peroxide  I^Op  HL  20H; 

21)  extrapolation  of  the  levels  of  the  vibrational  energy  on  the 
basis  of  spectral  data; 

22)  explosion  method. 


Till  recently,  no  data  was  available  in  literature  which  allowed 
a  sufficiently  accurate  extrapolation  of  the  vibrational  energy  levels 
of  hydroxyl  and  the  calculation  in  this  way,  of  its  dissociation  ener¬ 
gy.  This  c ircumstance  explains  the  low  accuracy  of  the  values  obtain¬ 
ed  by  means  of  extrapolation  in  the  papers  by  Bates  [678],  Tanaka  and 
Koana  [3924]  Gaydon  [1668]  and  Hornbeck  [2125]. 

In  1956  Barrow  [652,  645]  carried  out  a  thorough  investigation 

P4-  ^  4* 

of  the  bands  of  the  B  2  —  A  2  system  in  the  hydroxyl  spectrum.  He 
studied  the  transitions  into  the  high  vibrational  levels  of  the 
A  2  state  with  values  of  the  vibrational  quantum  number  4  <  v'  <9. 

A  short  extrapolation  (about  280  cm”'1")  leads  to  a  dissociation  limit 
at  vmax  =  10*  to  the  that  the  A22+  state  correlates  with 


1  2 

0(D)  +  H(  S),  this  data  allows  the  determination  of  the  dissociation 

energy  of  OH  in  the  electronic  ground  state,  resulting  in  35450  +  IOC 

cm“*  or  101.36  +0.3  kcal/mole.  The  data  obtained  by  Barr or  for  the 
2  + 

B  2  state  leads  to  the  same  value  of  the  dissociation  energy.  The  va¬ 
lue 

D0 (OH)  =:  101,36^0,3  kcal/mole, 

recommended  by  Barrow  [645]  is  the  most  accurate  published  in  litera¬ 
ture  and  it  was  accepted  in  the  Handbook.  To  this  accepted  value  of 
the  dissociation  of  OH  corresponds 

Aff°/0( OH,  t*«)  =  9,259  ±0,32:  kcal/mole. 

OD  (gas),  0T  (gas).  The  extrapolation  of  the  vibrational  energy 
levels  of  the  OD  radical  allows  the  derivation  of  only  a  very  approx¬ 
imate  value  of  Dq(CD)  because  the  available  data  determines  only  the 
energy  of  the  first  four  vibrational  levels  of  OD  in  the  X2^  state 
(see  page  400).  Oura  [3154,  3155]  calculated  in  this  way  DQ(CD)  ~ 
w  98  kcal/mole.  More  reliable  values  of  the  dissociation  energy  of  the 
OD  and  OT  radicals  are  as  follows: 

D0(CD)  =  IC2,785  +  C,3  kcal/mole, 

Do(O7)=lG3/  +  0,3  kcal/mole  . 

These  values  were  calculated  by  Eq.  (IV.  17),  using  the  values  of 
Dq ( OH)  accepted  in.  the  Handbook  and  those  of  the  vibrational  constants 
of  OH,  OD  and  OT.  The  mentioned  values  of  DQ(CD)  and  DQ(0T)  are  accep¬ 
ted  in  the  present  Handbook.  The  values  of  the  heats  of  formation, 
which  correspond  to  them  are 

Atf70(OD,  «*)  =  8,739  ±0,3  kcal/mole, 

(OT,  a**)  =  3.525  +  0,3  kcal/mole. 

0H+  (gas).  Mann,  Hustrulid  and  Tate  [2762]  measured  the  potential 
of  occurrence  of  the  OH  hydroxyl  ion  in  dissociative  ionization  cf 
H^O  molecules  under  the  effect  of  electron  impacts.  An  ionization  po- 
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tentiai  of  the  hydroxyl  I(0H)  =  13*38  ev*  corresponds  to  the  value  of 
the  potential  of  occurrence  of  the  0H+  ion  (18.7  +  0.2  ev)  found  in 
the  paper  [2762].  Lindemann  and  Guffy  [2616]  obtained  in  a  similar 
investigation  a  very  similar  value  of  the  potential  of  occurrence  of 
the  0H+  ion,  equal  to  18.59  +  0.08  ev,  to  which  the  value  I (OH)  = 

=  13*31  ev  **  corresponds. 

Poner  and  Hudson  [1576]  measured  the  ionization  potential  of  OH 
by  a  direct  method.  The  molecules  of  the  hydroxyl,  formed  by  a  dis-, 
charge  in  water  vapor,  entered  into  the  ionization  chamber  of  a  mass- 
spectrometer.  The  comparison  of  the  intensity  of  the  ion  currents  of 
0H+  and  of  Ar+  as  a  standard  at  different  electron  energies  led  to  a 
value  of  the  ionization  potential  of  hydroxyl  equal  to  13.18  +0.1  ev 
or  304tea3/mole.  In  the  papei'  [1576],  the  potential  of  occurrence  of 
the  0H+  ion  in  dissociative  ionization  of  H20  molecules  was  also  me¬ 
asured.  The  found  value  (18.19  +0.1  ev)  differs  significantly  from 
the  values  in  the  paper  [2762,  2616]. 

In  the  Handbook,  the  value 

/ (OK)  =  13,18  ±  0,2  as  =  304  ± 5  kcal/mole 
is  accepted  as  the  value  of  the  ionization  potential  of  hydroxyl,  ob¬ 
tained  by  Poner  and  Hudson  [1576].  This  value  conforms,  within  the 
error  limits,  to  the  values  found  in  the  papers  [2762,  2616].  The  heat 
of  formation  of  the  0H+ ions 

A//°/0(OlI\  ».)  =  313,259 +  5  keal/mcle, 
and  the  dissociation  energy  if  the  0H+  ion  into  0+  +  H 

D„ (OH*) -  III ,412 ± 5  kca  1/mole  . 
corresponds  to  the  accepted  value  of  I(QH). 

OH'  (gas).  Until  recently,  the  value  of  the  electron  affinity  of 
hydroxyl  was  known  only  by  various  estimates  made  on  the  basis  of  cal¬ 
culation  of  the  energy  of  crystal  lattices  [1828,  1832]  or  on  the  basi 


of  hypotheses  with  regard  to  a  coherency  between  the  absorption  maxima 
of  hydrated  ions  and  the  corresponding  values  of  the  electron  affinity 
[3346],  and  regularities  in  the  values  of  the  electron  affinity  of 
various  atoms  and  radicals  (see  the  review  by  Pritchard  [3330]). 

In  works  by  Sugden  and  co’-^rkers  [3780,  3781,  3163]  attempts  were 
made  to  determine  experimentally  the  value  of  A (OH)  by  measuring  the 
concentration  of  free  electrons  in  flames  containing  alkali  metals 
and  calculating  the  equilibrium  constants  of  the  reaction  0H“  +Z  Oh  +■ 

+  e“.  Page  [3163]j  who  carried  out  the  majority  of  these  measurements, 
processed  the  data  obtained  by  him  together  with  the  results  of  the 
foregoing  investigations  [3780,  3781]  and  found  for  A(0H)  the  value 
-65  +  1  kcal/mole.  As  a  result  of  the  analysis  of  the  indirect  deter¬ 
minations  of  the  value  of  A(0H),  Page  showed  that  the  inaccuracy  of 
these  estimates  allows  only  the  conclusion  'hat  the  value  of  A(0H)  lies 
between  -45  and  -85  kcal/mole,  the  value  of  -65  kcal/mole  being  the 
most  possible  one.  It  must  be  noted,  however,  that  the  value  of  A (OH) 
found  in  the  papers  [3780,  3781,  31633  depends  essentially  on  the 
corr  'tness  of  the  determination  of  tne  mechanism  of  formation  of  el¬ 
ectrons  in  the  flame  and  ulso  on  the  magnitude  of  the  partial  pressure 
of  hydroxyl  in  the  flame. 

Smith  and  Brans comb  [3796]  made  the  attempt  to  determine  the  value 
of  A(0H)  using  the  method  of  photodetachment  of  electrons  from  negative 
molecular  gaseous  ions,  developed  by  them.  In  a  short  publication  in 
1955  [3796],  they  reported  on  the  value  of  the  photoionization  thres¬ 
hold  of  0H~  found  by  investigation  of  the  dependence  of  the  photocur¬ 
rent  on  the  wavelength  in  the  4000-3000  A  region  in  a  0H~  beam  obtain¬ 
ed  from  the  anode  of  a  glowing  discharge  at  low  pressi’re  in  vapor. 
The  threshold  found  by  Smith  and  Branscomb  corresponds  to  an  energy 
of  1.75  ev  (or  approximately  jl0  kcal/mole).  As  ^ar  as  the  authors  of 
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the  Handbook  know,  these  investigators  did  not  publish  a  detailed 
statement  of  their  work  and  nowhere  give  the  value  of  A(OH)  obtained 
on  the  basis  of  this  investigation. 

It  must  be  noted  that  the  example  of  the  Og  molecule  shows  [1018] 
that  the  coherency  of  the  threshold  of  photodetachment  with  the  mag¬ 
nitude  of  the  electron  affinity  is  ambiguous  owing  mainly  to  the  ♦‘otal 
lack  of  oectroscopical  data  on  the  energy  levels  of  gaseous  molecu¬ 
lar  negative  ions.  Thus,  on  the  basis  of  the  published  data,  it  is 
difficult  to  judge  to  what  degree  the  value  of  A (OH),  corresponding  to 
the  threshold  of  photoionization  found  by  Smith  and  Branscomb,  is  re¬ 
liable.  It  must  be  noted,  however,  that  Sugden's  paper  [2447a],  pub¬ 
lished  in  i960,  dealing  preference  to  the  lower  value  of  A(OH)  which 
corresponds  to  the  measurements  by  Smith  and  Branscomb. 

In  the  present  Handbook 

A  (OK)  3=  —  4C-4-5  kea  1/mole  , 

Is  acce,  !  to  which  AH°f0(OH~,  gas)=*  -30.741  +  5  kcal/mole,  corres¬ 
ponds,  and  an  energy  of  the  dissociation  of  0H~  into  0“  +  H  of 

D„ (OH")  =  107,56 4; 5  kcal/mole. 
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Accepted  Values  (in  cal/mole)  of  the  Thermochemical 
Quantities  of  Oxygen  Compounds  of  Hydrogen  and  its 
Isotopes  in  Gaseous  State. 
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a)  The  value  of  the  ionization  energy  of  OH  is  given. 

b)  The  value  of  the  energy  of  electron  detachment 
from  the  OH”  ion  is  given. 

A)  Substance;  B)  or. 


[Footnotes] 

The  problem  of  the  thermodynamic  stability  of  and  Ho0^, 

is  discussed  by  Benson  [750a]. 

In  the  paper  [727],  the  quadratic  expression  for  G0(v1?  v?, 

v-,)  is  accomplished  by  the  cubic  term  y22?v-5  without,  how¬ 
ever,  improving  essentially  the  approximation  of  the  vibra¬ 
tion  energy  levels. 

2v2,  V  y  Vg  +  Vq,  V-j^  +  Vy 

+  v2  +  Vy  2v1  +  v^,  2v1  +  v2  -i-  'Vy  V0  H  3v^,  3v1  + 

v3'  V1  +  3v3'  3vi  +  v2  +  v3"  V1  +  v2  +  3v3»  3vi  +  v2  +  v3> 

4v1  +  v^.  2v1  4-  3\’y 

After  tne  calculation  of  the  molecular  constants  of  !l_0  was 
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completed,  we  came  to  know  the  very  thorough  review  paper  by 
RegitLa  [348la]  in  which  a  table  is  given  of  the  wave  numbers 
of  zero  lines  of  44  1^0  bands  which  have  been  observed  by 

various  investigators  in  the  vibrational -rotational  absorp¬ 
tion  spectrum  of  water  vapor.  Besides  the  H^O  bands  discus¬ 
sed  in  the  paper  [438],  Regula's  review  lists  also  data  on 
bands  whose  wave  numbers  of  the  zero  lines  are  equal  to 
1556, 2Q57, 2l6l, 10, 284, 10,600, 12, 140,  13, 828. 14,221, 16,898 

and  18,394  cm-1.  These  bands  are  referred,  respectively,  to 
the  vibrational  transitions  (010)  -*■  (020);  (010)  -*  (iOO); 

(010)  (001);  (000)  (220);  (000)  -»  (300);  (000)  -*  (310); 
(000)  -♦  (202);  (000)  -♦  (400);  (000)  -*  (302;,  and  (000)  -♦ 
(4ll).  The  results,  however,  obtained,  in  the  papers  [724, 
727,  730,  1255],  were  not  taken  into  consideration  in  the 
review  [34l8a}  In  this  review,  the  results  of  investigations 
of  the  vibrational-rotational  emission  spectra  of  HgO  are 

also  not  taken  into  account.  A  comparison  of  the  values  of 
the  levels  of  vibrational  energy  of  HgO  -  between  which  a 

triple  resonance  interaction  takes  place,  and  which  are  cal¬ 
culated  in  paper  [438]  -  with  the  experimental  values  of 
some  of  them,  listed  in  the  review  [34l8a],  shows  that  the 
referring  of  the  zero  lines  of  the  bands  at  13,828;  14,221, 

and  16,898  cm”1  to  the  vibrational  transitions  (000)  —  (202); 
(000)  (400)  and  (000)  -»  (302)  is  erroneous.  The  correct 

attribution  of  these  bands  is  as  follows:  (000)  (400); 

(000)  -+  (202)  and  (000)  (500).  In  connection  with  this  fact 

the  correctness  of  the  attribution  of  the  band  at  18,394 

cm-1  to  the  (000)  (4ll)  transition  needs  to  be  verified. 

42  levels  up  to  JT  =  10_1Q» 

Khachnuruzov  [444a]  showed  how  the  values  of  all  levels  of 
the  rotational  energy  of  the  vibrational  ground  state  of 
1^0,  which  correspond  to  J  <  25,  may  be  determined. 

The  frequency  of  the  pure  rotational  transition  20  —  3  was 

“2 

also  observed  in  the  infrared  absorption  spectrum  of  water 
vapor  [483,  485]  in  the  region  from  4  to  7.2  cm-1. 

(010)  [724,  3951,  1255];  (020)  [724]:  (100),  (001)  [730]; 
(Oil),  (021),  (012)  [722];  (101)  [3083];  (111)  [2831];  (2C1), 
(003),  (211),  (013),  (301)  [690];  (113)  [1605,  188];  (103), 
(311),  (321),  (401),  (203),  [1605]. 

It  appears  that  the  authors  of  the  paper  [727]  applied  not 
only  the  results  of  the  analysis  of  infrared  spectra  but  also 
the  results  of  measurements  of  microwave  spectra  of  water 
vapor  when  determining  the  me.  tioned  values  of  the  rotation¬ 
al  constants. 


369**  I.e.,  for  the  (0 

footnote  to  page 


(000)  s 
ge  3o7. 


state  and  states  listed  in  the  third 
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The  bands  observed  in  the  absorption  spectrum  of  water  va¬ 
por,  and  lying  in  the  region  of  shorter  wavelengths  (up  to 
100-50  A),  belong  to  the  and  H20++  ions. 

2sa^  are  the  inner  electron  orbits  of  the  0  atom  in  the  H20 

molecule;  5111,3  ^xal^  are  orl5its  which  take  part 

in  the  formation  of  the  0-H  bands;  (2P2^i)  3s  4he  orbit  which 

does  not  take  part  in  the  formation  of  the  bond.  The  electron 

configuration  (2sa^)  [Pyb2]  [Pxa^]  (2p7b^)  corresponds  to 

the  ground  electronic  state  ^A  of  the  water  molecule,  when 
using  this  notation. 

A  similar  correspondence  is  observed,  for  example,  for  C0„ 
and  CO  [3002].  * 

A  sole  exception  is  the  paper  by  Barker  and  Sleator  [639], 
in  which  the  rotational  structure  of  the  v1  and  v  bands  was 
resolved. 


The  value  of  the  constant  y222  f°r  HD0  is  given  in  the  paper 

[727]*  However,  as  was  shown  in  paper  [440],  the  value  of 
this  constant  may  not  be  determined  solely  on  the  basis  of 
experimental  data  on  the  energy  of  the  vibrational  levels  of 
HD0. 


In  the  paper  [440J,  the  restilts  of  investigations  of  the  ro¬ 
tational  structure  of  the  v2  bands,  obtained  by  Gailar 

[1638]  were  not  taken  into  account  when  calculating  the  vi- 
rational  constants  of  HD0.  Repeated  calculations  of  the  vi¬ 
brational  constants  of  HD0, carried  out  later  and  taking  into 
account  the  data  in  [1638]  gave,  in  particular,  a  value  of 
the  constant  x^  which  is  greater  (in  its  absolute  value) 

than  in  the  case  of  E^O.  Thus,  the  value  of  the  wave  number 

of  the  zero  line  of  the  v2  band,  used  in  paper  [440],  is 

more  reliable  than  the  value  given  in  the  paper  [1638]. 


11“10S  21~20;  2-l~2-2;  30“31*  32~3V  \~^2}  ^-3^ -l’ 

50“51;  61"62;  6_2"7_6j  70-7i;  9c"9l;  40_1-100-*  11-2" 


“11-1^  12-i-12o’ 


In  the  paper  [440],  the  obtained  values  of  the  vibrational 
constants  of  DgO  were  compared  to  the  values  found  by  the 

huthors  of  the  papers  [863,  24o4,  1263,  1615,  727]* 


In  the  paper  [727]  the  alues  of  the  constant  k1?2  of  the 
Fermi  resonance  and  the  constant  y222  4he  anharmonicity 
of  second  order  are  also  given  for  D20,  There  is,  however, 
no  reason  to  assume  a  Fermi  resonance  in  D20,  because  it  was 
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shovm  in  the  paper  [438]  that  it  is  missing  in  HgO.  As  re¬ 
gards  the  constant  y22?,  it  was  obviously  calculated  by  the 

authors  of  [727]  on  the  basis  of  some  additional  assumptions, 

because  the  data  known  for  Do0  is  insufficient  for  the  de- 

£. 

termination  of  this  constant. 

Carrying  out  the  calculation  of  the  vibrational  constants, 
of  D20,  Khaehkuruzov  [440]  did  not  take  into  account  the  re¬ 
sults  of  the  investigation  of  the  rotational  structure  of 
the  v2  band  obtained  by  Dickey  and  Hoffman  [1332].  Repeated 

calculations,  carried  out  by  taking  into  account  these  data, 

hielded  the  following  values  (in  cm”1)  of  the  vibrational 
constants:  =  2762.42;  <a2  =  1206.90;  a>3  ~  2885. 995  = 

=  21.54;  Xg2  =  -9*46;  x33  =  -24.96;  x12  =  -8.775  x33  =  -10.29; 

x13  =  -85.76.  33  ^ 

22-3  25  ^3“515  32-4-;l5  3^-4±;  50-4^;  5_1-6_y  5^-4^ 

(100),  (001), (Oil),  (021),  (200),  (101),  (111),  (201). 

A  report  on  the  analysis  of  the  fine  structure  of  the  v2  + 

+  Vg  band  in  the  HgC^  spectrum,  carried  out  by  Olson  [  3134a] , 
was  published  in  i960.  According  to  Olson’s  data,  IA  = 

=  0.2779* 10 “39  g.Cm2,  IB  =  3. 33 *10 ”39  g.Cm2  and  Ic  =  3.21* 

-QO  2 

•  10  g*cm  ;  these  data  are  in  sufficient  accoracnee  with 
the  values  accepted  in  the  present  Handbook  (see  Table  38). 

The  assumption  of  the  existence  of  the  H02  radical  has  been 
expressed  by  Bakh  [86],  Further,  it  was  again  suggested  by 
Haber  [1916]  in  order  to  explain  the  mechanism  of  the  re¬ 
action  between  hydrogen  and  oxygen,  and  this  assumption  has 
been  used  by  many  authors  in  the  study  of  the  kinetics  of 
gas  reactions  (see,  fo-  example,  [240,  304,  244]).  M  ~y  in¬ 
vestigators  made  attempts  to  find  proofs  of  the  existence  of 
the  H02  radical.  The  paper  by  Minkoff  [2924]  gives  a  review 

on  the  suggested  proofs  for  the  existence  of  the  HOg  radical 

based  on  the  analysis  of  chemical  investigations  and  on  the 
results  of  theoretical  calculations.  Minkoff  gives  in  this 
paper  a  theoretical  evidence  of  the  stability  of  the  H02  ra¬ 
dical  based  on  the  semi -empirical  method  by  Glasston,  Laidler 
and  Eyring  [154]  for  the  study  of  the  interaction  between  the 
H  atom  and  the  02  molecule.  In  the  paper  [2924],  the  attempt 
is  also  made  to  estimate  the  fundamental  oscillation  fre¬ 
quencies  and  the  values  of  the  structural  parameters  of  the 
linear  model  of  the  H02  radical.  At  the  same  time,  Minkoff 

noted  that  the  assumption  of  a  nonlinear  structure  of  the 

H0o  radical  is  more  substantial. 

* 
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Tagirov  [405]  stated  that  he  observed  in  the  infrared  spec¬ 
trum  of  a  hydrogen  flame  bands  with  a  maximum  corresponding 
to  the  frequency  of  1305  cm-1,  which  he  ascribed  to  the  HC>2 

radical.  Later  on,  however,  this  assumption  was  not  confirm¬ 
ed.  It  must  be  noted  that  Cashion  and  Polanyi  [1069],  who 
investigated  the  infrared  spectrum  of  the  chemiluminescence 
of  the  H  +  02  reaction,  did  not  observe  this  band. 

Walsh  [4l4l]  predicted,  with  regard  to  the  angle  in  the  HNO 
radical,  that  it  must  be  smaller  than  the  angle  between  the 
bonds  in  the  HCO  radical,  this  was  later  on  confirmed  when 
the  spectra  of  the  HNO  and  HCO  radicals  had  been  obtained 
and  analyzed  (see  pages  713  and  898). 

After  the  choice  of  the  molecular  constants  of  the  ground 
electronic  state  of  OH  and  the  calculation  of  the  thermo¬ 
dynamic  functions  had  been  made,  the  papers  by  Blackwell, 
Ingham  and  Rundle  [834b]  and  Wallace  [4132b]  were  published 
in  which  the  values  of  Bv  and  GQ(v)  for  v  =  7,  8  and  9  were 

found  by  investigation  of  the  infrared  spectrum  of  the 
afterglow  of  the  night  sky.  The  accepted  values  of  GQ(v) 

listed  in  Table  40,  conform  to  the  date  obtained  in  the  pa¬ 
pers  [834b,  4l32b]  within  the  experimental  error  limits. 

2  + 

The  rotational  constants  of  OH  in  the  A  2  state  for  v'  = 

=  6-9,  conforming  to  the  values  obtained  by  Barrow  [645], 
were  also  found  in  the  papers  [2871,  1997a] • 

According  to  [3591],  the  following  values  are  valid:  cu'  * 

=  2319.9,  <o’x’  =  52.0,  <o«  =  2720.9,  <o"x"  =  44.2  cm”1.  e 

c  c  c  c 

According  to  [3154,  3155]  the  following  values  are  valid: 
o)^  =  2313*50,  =  49.18,  o>^  =  -0.373,  co ”  =  2716.13, 

o^'x*  =  42.15,  co"y"  =  -O.386  cm-1, 
e  e  e  e 

In  Herzberg’s  monograph  the  rotational  constants  of  the 
A3n±  state  are  given;  these  were  improved  by  Challacombe  and 
Almy  [108l]  by  calculation  of  the  rotational  constants  of 
the  upper  state  by  Gilbert’s  method  [1741],  using  the 
experimental  data  obtained  by  Loomis  and  Brandt  [2646]. 

Calculated  on  the  basis  of  the  values  of  D_(0H)  and  I (OH) 
accepted  in  the  Handbook.  The  error  in  theuobtained  values 
of  Dq(0H*')  does  not  exceed  +l800  cm~l. 

This  analogy  is  also  corroborated  by  the  existence  of  the 

A%  state,  which  has  a  dissociation  limit  difference  from  ’ 
that  of  the  ground  state,  and  an  excitation  energy  almost 
to  that  of  NH. 

Johnston  [2298],  investigating  the  spectrum  of  solid  LiOH 
and  LiOH*HpO,  calculated  the  vibrational  constants  of  the 
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OH"  ion  in  the  crystal  lattice  and  found: 

(OH-)  -  3839  ±  10  tf*-‘  a  LlOH  h  at  (OH*)  =  3735  ±  10  «*»  a  LiOH-HA 

The  calculations  are  carried  out  on  a  BESM  electronic  compu¬ 
ter. 

The  mentioned  cause  gives  rise  also  to  the  inaccuracy  in  the 
accepted  values  of  v^,  v2m  and  v^. 

Owing  to  the  fact  that  the  results  of  these  calculations  are 
entered  into  a  series  of  reference  books,  we  cite  the  values 

of  the  vibrational  constants  of  E^O  (in  cm"1)  accepted  by 
Gordon:  =  3740;  o>2  =  1635]  ^  =  3834;  x±1  =  70;  x22  =  20; 

*33  =  39 5  x12  =  20;  =  20;  x~13  =  109;  and  also  the  expres¬ 

sions  for  the  effective  moments  of  inertia  (in  10"4  g*cm  ): 

tA  =  0,996  +  0,026-vi  -  0.098-0,  -f  0.045-0,, 

Ia  =  1,908  +  0,033-0,  -  0.034*0, -fO.OU-r,. 
ic  =  2.981  +  0.062-0,  +  0.062-0,  +  0,047-0,. 

In  the  paper  [3847],  p-,  =  2.33*10"5  degree"1  was  found  on 

the  basis  of  the  values  of  the  rotational  component  of  the 
specific  heat  of  H20  calculated  by  immediate  summation, 

whereas  the  calculations  by  Wilson  [4287]  give  px  =  2.04*10"^ 

degree"1.  This  difference  was  explained  by  Khachkuruzov  and 
Milevskaya  [449]  as  the  influence  of  the  zero  vibrations  of 
l^O  molecule  s. 

In  the  paper  [16151  and  in  the  Handbook  [2076],  a  calcula¬ 
tion  of  the  thenneaynamic  functions  is  reported  which  was 
carried  out  by  Glatt,  Adams  and  Johnston  [1759]  in  the  tem¬ 
perature  range  from  100-5000°K  by  immediate  summation  over 
the  levels  of  the  rotational  energy.  However,  these  calcu¬ 
lations  have  not  been  published,  and  it  is  therefore  impos¬ 
sible  to  criticize  their  quality  and  to  compare  them  with 
the  results  of  the  ealcrlations  carried  out  during  the  com¬ 
pilation  of  the  present  Uandbook. 

On  the  basis  of  the  same  values  of  the  molecular  constants  as 
those  in  Gordon's  papers  [1800,  l801]  (see  footnote  on  page 
412). 

The  values  of  the  constants  and  p2  for  I>20  and  T20  differ 

insignificantly  from  the  values  of  the  corresponding  con¬ 
stants  of  1^0,  as  the  calculations  which  have  been  carried 

out  during  the  preparation  of  the  present  Handbook  have  shown. 

These  differences  are  caused  by  allowing  for  the  centrifugal 
stress  of  the  molecules  and  the  application  of  Eq.(II.17oa) 

f°r  Qvr- 
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429  Since  the  molecular  constants  of  0H+  are  known  with  but 

little  accuracy,  the  use  of  an  electronic  computer  is,  in 
this  case,  justified  only  by  the  necessity  of  applying  the 
immediate  summation  for  the  calculation  of  the  thermodynamic 
functions  at  high  temperatures. 

433  The  results  of  the  determination  of  the  heat  of  formation  of 

hydrogen  peroxide  by  other  methods  are  cited  in  the  Handbook 
by  Bichowsky  and  Rossini  [813].  A  review  on  the  papers  deal¬ 
ing  with  determination  of  the  heat  of  formation  of  is 

also  given  in  the  book  by  Shumb,  Setterfield  and  Wentworth 
[460] . 

436*  The  data  by  Skorokhodcva  et  al.  [379j>  who  determined  the 

thermal  effect  of  the  reaction:  HgO^liqu. )  _+  HgO^liqu. )  + 

+  02(gas)*  a-Lso  conform  to  the  value  of  DQ(H  —  02)  obtained 

by  Foner  and  Hudson. 

436**  In  Grey's  review  [1846]  the  value  AH0fQ  (H02,  gas)  =  4.9  + 

+  kcal/mole  is  accepted  on  the  basis  of  data  by  Foner  and 
Hudson. 

44l*  In  the  paper  [2762]  the  value  l(OH)  =  13*6  ev  is  given,  which 

is  also  recommended  in  the  reviews  by  Gaydon  [1668]  and 
Pritchard  [33301*  The  value  of  I(0H),  cited  in  the  text,  is 
calculated  on  the  basis  of  the  measurements  by  Mann,  Hustru- 
lid  and  Tate  [2762],  taking  into  account  the  value  of  DQ(0H) 

accepted  in  the  Handbook. 

44l**  According  to  the  calculations  by  the  authors  of  the  Handbook, 
the  value  I(0H)  =  13*53  ev  is  given  in  the  paper  [2616]. 


[Transliterated  Symbols] 

383  np  =  pr  =  privedennyy  =  reduced 

393  II  =  p  =  prilczheniye  =  supplement 

409  koji.bp  =  kol.vr  =  kolebatel'nyy-vrashchatel'nyy  =  vibration¬ 

al-rotational. 

410  x-p  =  zh.r.  =  zhestkiy  rotator  =  rigid  rotator 

420  an  =  el  —  elektronnyy  =  electronic 

420  bh.bp  =  vn.vr.  =  vnutrenneye  vrashcheniye  =  internal  rota¬ 

tion 

420  cb.bp  =  sv.vr.  =  svobodnoye  vrashcheniye  =  free  rotation 

4l'5  E3CM  =  BESM  =  bystrodeystvuyushchaya  electronnaya  schetnaya 

mashina  =  high-speed  electronic  computer. 


CHAPTER  8 

FLUORINE  AND  ITS  OXYGEN  COMPOUNDS 
(F,  F",  ?2,  FO,  FgO) 

The  present  chapter  deals  with  monatomic  and  diatomic  fluorine, 
the  fluorine  ion  (F~)  and  the  oxygen  compounds  of  fluorine  (FO  and  FgO) 
in  the  gaseous  state.  According  to  literature  data  the  following  oxygen 
compounds  of  fluorine  may  exist  under  certain  conditions:  FgO,  FO,  FgOg 

and  FgO^.  these  compounds  are  of  little  stability,  under  reducing 
conditions  they  decay  rapidly  in  an  explosion.  The  most  stable  oxygen 
compound  of  fluorine  at  room  temperature  is  fluorine  dioxide,  FgO,  whose 
chemical  and  physical  properties  were  studied  in  great  detail  [356]. 

The  compounds  FgOg  and  F2°3  are  only  stable  at  low  temperatures :  F2°3 
disintegrates  at  121  °K  into  FgOg  and  Og,  FgOg  disintegrates  into  its 
elements  at  190°K  [2410]. 

Among  the  fluorine-oxygen  compounds  mentioned  above,  the  Handbook 
deals  with  FO  and  FgO,  since  the  other  fluorine-oxygen  compounds  are 
unstable.  The  data  given  In  the  Handbook  are  sufficient  to  calculate 
the  thermodynamic  properties  of  the  Fg  —  02  system,  particularly  at 
high  temperatures.  It  should  be  mentioned  that  the  oxygen  compounds  of 
fluorine  are  not  characteristic  of  these  elements  and  at  high  tempera¬ 
tures  or  when  other  elements  are  present  they  are  thermodynamically  un¬ 
stable. 

Tne  compounds  of  fluorine  with  Cl,  Br,  J,  H,  S,  N,  P,  C,  SI,  Pb, 

B,  Al,  Be,  Mg,  Hg,  Li,  Na  and  K  are  dealt  with  in  the  following  chapters. 


1) 


§33-  MOLECULAR  CONSTANTS 

2 

F.  In  its  ground  state  P  the  fluorine  atom  has  the  electron  con- 
2  2  5 

figuration  Is  2s  2p .  The  energy  corresponding  to  a  transition  of  the 

p 

flurorine  atom  from  its  ground  state  P  to  an  excited  electron  level 

exceeds  100,000  cm""'1';  these  levels  are  therefore  not  considered  in  the 

Handbook.  Table  50  gives  the  excitation  energies  and  statistical  weighcs 

of  two  components  of  the  fluorine  atom’s  ground  state,  taken  from  Moore 

[2941].  _ 

_  |  1 

P“.  The  negative  ion  of  monatomic  fluorine  in  the  ground  state  has  w 

P  P  fi  1 

the  electron  configuration  Is  2s  2p  ,  which  corresponds  to  one  S  term. 

In  analogy  to  the  lsoelectronic  Ne  atom,  the  energy  of  a  transition  to 
an  excited  state  of  the  F~"  ion  must  exceed  100,000  cm-1.  Since  the  F“ 
ionisation  potential  Is  much  lower  than  this  value  (of.  p.  463)  we  nsay 
assume  that  the  ion  considered,  like  the  negative  ions  of  the  other  hal¬ 
ogens,  has  no  stable  excited  states.  This  assumption  is  corroborated  by 
the  failure  of  attempts  aiming  to  obtain  spectra  of  negative  monatomic 
ions  of  halogens. 

Fg.  The  Fg  molecule  has  an  electron  ground  state  of  the  type  ^2. 

A  determination  of  the  Fg  constants  In  the  electron  ground  state  entails 
essential  difficulties  which  are  due  to  the  fact  that  the  absorption 
spectrum  of  fluorine  in  the  visible  and  the  near  ultraviolet  ranges  (in 
contrast  to  the  absorption  spectra  of  other  halogens)  does  not  show  a 


TABLE  50 


The  Ene*fjr  Level*  of  the  F -At oca  «nd  the  P”*— Jon 


|  |  State 

statistical 

energy. 

AtOtt 

electron 
configure  — 
tion 
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‘  weight 

c*-1.  ' 

Is®  2s*  2p» 

VY. 

4 

0 

F 

Is*  2s*  2p* 

VV. 

2 

404 

F“ 

Is*  2s*2p« 
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band  structure;  the  vacuum  ultraviolet  absorption  spectrum  is  caused  by 
transitions  to  high  excited  states 


TABLE  51 

Values  of  the  Fg  and  Molecular  Constants  Used 


1 

Moat*- 

2 

xyjia 

COCTONMMS 

b  •  c 

F. 

924* 

.16*  0,891  0,017®  3,3* 

1.418 

FO 

x*nr  d 

900*  € 

—  1,0* e  —  '  — 

1,4 

l)  Molecule;  2)  state. 

a)  Calculated  from  AGj.  and  D0(P2). 

b)  Calculated  from  Eqf  (1.38). 

c)  Calculated  from  Eq.  (1.36a). 

d)  In  ?•  ,•  .ogy  with  CIO. 

e)  Estimate. 

from  the  v"  =  0  level,  the  emission  spectrum  is  connected  with  transi¬ 
tions  between  high  excited  states.  The  ;  ta  on  the  molecular  constants 
of  F2  in  the  X1^  state  are  therefore  mainly  bases  on  data  obtained  in 
studying  the  Raman  spectrum  of  gaseous  fluorine.* 

The  Raman  spectrum  of  Fg  was  obtained  by  Andrychuk  t559,  560J;  It 

consists  of  the  fundamental  frequency  =  891,85  +  0,4  cm-1)  and  a 

2  ~ 

pure  rotation  spectrum,  as  a  result  of  analyzing  the  rotation  spectrum, 
Andrychuk  [560]  determined  the  values  of  the  rotational  constants  of 
the  Fg  molecule  in  the  state:  BQ  =  0,8828  +  0,0010  cm-1  [560].  The 

O 

interatomic  distance  amounts  to  rp_p  =  1,4177  +0,001  A,  the  correspond¬ 
ing  value  of  the  rotational  constant  is  in  good  agreement  with  that  ob¬ 
tained  by  the  electron  diffraction  method  [3473]- 

The  results  of  investigating  the  Raman  spectrum  do  not  permit  a 
determination  of  the  constant  of  anharmonicity  coexe  of  the  vibrations 
(and  thus  also  of  the  vibrational  frequency  o>e)  and  also  of  the  con¬ 
stant  a-^  of  Interaction  between  rotation  and  vibration.  Owing  to  this 
a  series  of  researchers  estimated  these  quantities  for  3  subsequent 
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calculation  of  the  thermodynamic  functions  of  fluorine.  Since  for  the 
Cl2  and  C1F  molecules  a  linear  extrapolation  with  repect  to  the  vibra¬ 
tional  energy  levels  of  the  ground  state  leads  to  values  of  dissocia¬ 
tion  energies  which  are  close  to  those  found  by  way  of  experiment,  the 
constant  of  anharmcn’city  and  the  vibrational  frequency  of  ?2  may  be 
calculated  by  a  consistent  solution  of  Eq.  (l.4C). 

First  estimations  of  the  quantity  coexp,  bases  upon  these  relation¬ 
ships,  were  maae  by  Butkov  and  Rozenbaum  [114].  Tht  authors  of  these 
papers,  however,  used  in  their  calculation  an  incorrect  value  of  the  F-, 
dissociation  enr  jy.  Khachkuruzov  [436]  and  later  Rees  [34l4]  calculat¬ 
ed  the  va'ues  of  and  o>ex^  using  the  values  =  891.85  cm-1  and 
VF?>  =  37  kcai/mol  (cf.  p.  467)  and  obtained  virtually  coincident 
values  (in  cm-1):  to  =  924,  tox  =  16  [436]  and  o>  «  923,  u>  x  =  15[34l4], 

Evans  et  al,  [1514’  and  Potter  [33133,  in  order  to  calculate  the 
thermodynamic  functions  of  F0,  used  the  values  u>  =  919  and  or  = 

C-.  c  w  C 

13.6  cm-1  calculated  by  Haar  and  Beckett.*  In  the  Handbook  we  use  (cf. 
Table  51)  the  values  for  the  vibrational  frequency  and  the  anharmcnici- 
ty  constant  suggested  by  Khachkuruzov  [436]  since  the  method  of  esti¬ 
mation,  used  by  Haar  '.nd  Beckett,  is  unknown  and  the  quantities,  found 
by  Rees  [3414]  are  in  good  agreement  with  those  used.  The  errors  of  the 
used  values  of  and  a>£x€  were  estimated  to  +2  and  +5  cm-1,  respect¬ 
ively. 

The  constant  a-^  of  oscillation-vibration  interaction  and  the  equi¬ 
librium  value  of  the  rotational  constant  Bg,  given  in  Table  51,  were 
calculated  by  the  authors  of  the  Handbook  from  formula  (1,38)  the  val¬ 
ues  used  for  ojp  and  u>exe  and  the  quantity  B^  were  found  by  Andriychuk 
[56O].  In  their  work  [15141  Evans  et  al.  usee  the  values  Bp  =  0. 8Q01 
ano  a-^  =  0.0146  cm**1,  calculated  by  Haar  and  Beckett. 

In  the  F2  electron  spectra  we  may  observe  transitions  between  elec- 


tron  states  of  high  excitation  energies  [1642;  and  also  transitions, 
constituting  a  Rydberg  series  [2163]. 


In  analogy  with  Clg,  Brg  and  Ig  It  may  be  assumed  that  the  first 

excited  electron  state  of  the  Fg  molecule  is  a  state  whose  energy 

■* 

does  not  exceed  the  value  of  DQ(Fg)  ®  13,000  cm"A.  The  existance  of  a 
stable  3nu  state  of  Fg  could  not  be  verified  by  experiment.  None  the 
less  Rees  [34l4]  interpreted  the  continuous  absorption  in  the  F g  spec¬ 
trum  as  partly  connected  with  a  transition  to  the  repulsive  branch  of 

the  potential  energy  curve  of  the  nn+  state. 

uu‘ 

FO.  The  spectrum  of  the  FO  molecule  has  not  been  observed  so  far 
and  attempts  to  obtain  it  in  pulsed  photolysis  of  a  Fg+Og  mixture,  i.e., 
under  conditions  where  absorption  spectra  of  CIO,  BrO  and  10  could  be 
obtained,  failed  (cf.  [1428]). 

Khachkuruzov  [436]  estimated  graphically  the  rotational  constant 

and  the  vibration  frequency  of  FO  according  to  the  dependence  of  the 

values  of  these  constants  for  the  diatomic  fluorides  of  elements  of  the 

2nd  column  on  the  number  of  valence  electrons.  The  values  he  obtained, 

B  ~  1.08  a.id  u>  ~  1100“^  were  used  in  the  first  edition  of  our  Handbook, 
e 

But  an  estimation  of  the  molecular  constants  other  diatomic  fxuorides 
may  lead  us  to  Incorrect  values  since  experimental  data  are  only  known 
for  the  fluorides  of  elements  of  the  groups  II,  III,  IV,  whose  bons  are 
of  essentially  different  nature  compared  with  the  bonds  in  such  mole¬ 
cules  as  FO,  Fg,  NF  and  SF.  More  reliable  estimates  of  the  FO  molecu¬ 
lar  constonts  may  obviously  be  obtained  on  the  basis  of  wellknown  data 

on  the  structure  and  vibration  frequencies  of  the  F20  molecule.  Compar¬ 
ison  of  the  interatomic  distances  in  diatomic  and  triatomic  fluorides 
of  u  number  cf  elements  Indicates  that  the  former  are  0.02-04  A  small¬ 
er  chan  the  latter.  Since  the  length  of  the  P-0  bond  in  the  F20  mole¬ 
cule  is  1.4l8  A  (cf.  p.  457),  the  rotational  constant  of  FO,  given  in 
Table  51,  was  calculated  for  r-Q  =  1.4  A.  The  errors  of  ti.e  used  val¬ 
ues  of  B  and  rpo  are  of  the  order  of  0.1  cm"1  and  0. 05  A,  respectively. 
The  force  constants  of  the  F20  molecule  for  a  potential  function 
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with  four  constants  was  calculated  by  Bernstein  and  Powling  [7^3 ]»  who 

found  that  the  force  constant  k^  of  the  P  —  0  bond  in  the  FgO  molecule 

must  satisfy  the  following  condition:  3.21*10^  dyne-cm”1  ^  <  5.23*10 

dyne*cm“*.  If  we  assume  that  ke(F0)  =  k1(F20)  we  find  that,  according 

to  Eq.  (1.42),  coe(FO)  -  900  +  100  cm-1.*  This  value  of  the  FO  vibration 

frequency  was  accepted  in  the  present  Handbook  and  entered  Table  51* 

The  electron  ground  state  of  the  FO  molecule  must  be  a  dciblet 

since  it  has  one  unpaired  electron.  On  analogy  to  CIO,  BrO  and  10  it 

2  ^ 

was  assumed  in  the  Handbook  that  the  FO  ground  state  Is  a  11“'  state. 

The  energy  of  the  first  excited  state  of  FO  was  est imated  to  amount  to 

■t 

30,000  caTx. 

FgO.  The  FgO  molecule  has  a  symmetrical  nonlinear  structure  (point 
group  of  symmetry  C^).  The  F^O  absorption  spectrum  was  obtained  by  Het 
tner,  Pohlman  and  Schumacner  [2059]  but  part  of  the  bands  observed  in 
this  paper,  as  was  shown  In  the  following,  belong  to  impurities.  In 
Herzberg's  monograph  [152]  the  values  of  the  fundamental  frequencies 
of  ?2°  wei>e  chosen  in  agreement  with  suggestions  by  Sutherland  and  Pen¬ 
ney  [3906]  on  the  interpretation  c :  the  infrared  spectrum  of  F^O  ob¬ 
tained  in  paper  [2059].  In  the  subsequent  investigations  of  the  F^O 
infrared  spectrum  [736,  2294]  it  was  shown  that  the  relationships  were 
incorrect  as  part  of  the  bands  attributed  to  F^O  actually  belonged  to 

cf4. 

Later  on  the  infrared  spectrum  of  F2O  was  again  investigated  in 
the  papers  by  Bernstein  and  Powling  [763]  and  Jones  et  al.  [2294]  in 
the  range  from  400  tc-  5000  cm”'*'.  Apart  from  spectroscopic  studies  with 
prism  spectrometers,  in  paper  [2294]  the  FgO  spectrum  was  investigated 
additionally  by  means  of  a  grating  Instrument  which  made  it  possible 
partly  to  resolve  the  rotational  structure  of  the  bands.  In  both  pa- 
pe  3  series  of  bands  of  the  F20  molecule  were  obtained,  among  them  the 


i 


J 


harmonics  and  composite  frequencies.  The  authors  of  papers  [763,  2294] 
give  the  same  interpretation  of  the  frequencies,  with  the  exception  of 
several  composite  frequencies.  The  values  of  the  fundamental  frequen¬ 
cies  of  FgO  which  were  chosen  in  agreement  with  these  papers,  are  given 
in  Table  52. 


TABLE  52 

Values  of  the  Molecular  Constants 
of  F20  Used 


1  - 

m 

cje~‘  3^ 

1  tr»  u-t*v  2 

928 

461 

831 

104,4 

2 

l)  cm-1;  2)  (g  -  cm2)^. 


The  structure  of  the  FgO  molecule  was  studied  by  the  electron  dlf- 
iraction  method  [964,  857,  2162].  The  values  of  rp_0  obtained  in  these 

O 

papers  lie  within  the  limits  of  1.36  and  1.42  A  and  the  values  of 
/  F  —  0  —  F  —  within  the  limits  of  100  and  105°.  In  paper  [763]?  when 
studying  the  F^O  infrared  spectrum,  the  rotational  structure  of  the  v  — 
band  was  partly  resolved.  On  the  basis  of  their  analysis  Bernstein  and 
Powling  obtained:  r ^  =  1,38  +  0,03  A  and  /  F  -  0  -  P  =  101,5  +  1°,5- 
Ibers  and  Shomaker  [2162]  who  analyzed  carefully  the  electron  diffrac¬ 
tion  pictures  they  obtained  and  compared  the  values  found  with  the  re¬ 
sults  of  an  analysis  of  the  rotational  structure  of  the  —  band  in  the 
FgO  spectrum;  recommend  the  following  values  for  the  structural  para¬ 
meters:  =  l,4l8  +  0,019  A  and  /  F  —  0  -  F  =  103,2  +  1°,5.  9  pro¬ 

ducts  of  the  fundamental  moments  of  inertia  of  FgO  given  in  Table  52, 
were  calculated  on  the  basis  of  these  values.* 

§  34.  THE  THERMODYNAMIC  FUNCTION  OF  GA.ES  ® 


5  . 


| 


The  thermodynamic  functions  of  fluorine  and  its  compounds  considered 
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in  the  present  chapter,  in  the  state  of  perfect  gas,  were  calculated 
for  the  temperatures  293*  15-6000°K  and  are  complied  in  Tables  39-43  of 
Vol.  II  of  the  Handbook.  For  diatomic  fluorine  Appendix  5  gives  data 
on  the  intermolecular  potential  constants  and  Table  394  (II)  gives  the 
values  ~*f  the  virial  coefficients  and  their  derivatives.  For  the  re¬ 
maining  gases,  considered  in  the  present  chapter,  analogous  data  are 
not  known. 

F.  The  electron  components  of  the  thermodynamic  functions  of  mon¬ 
atomic  fluorine  were  calculated  from  the  constants  given  in  Table  50, 
and  the  progressive  components  from  the  relations  (TI.8)  and  (II. 9)  with 
Ag  =  1.4935  and  A^  =  6,4617  cal/g  —  atom«deg.  The  errors  of  the  calculat¬ 
ed  functional  values  were  practically  determined  by  the  inaccuracy  of 

the  physical  constants  alone  and  did  not  exceed  0.005  cal/g  —  atom-deg 

* 

for  the  values  of  4^,  and  S£. 

The  thermodynamic  functions  of  monatomic  fluorine  were  previously 
calculated  by  many  authors  for  various  temperature  Intervals.  Among 
these  calculations  we  should  mention  the  papers  by  Butkov  and  Rozenbaum 
[114],  Potter  [3313] >  Gole  et  al.  [1149],  Evans  et  al.  [1514],  Kolsky 
et  al.  [2462],  Huff,  Gordon  and  Morrell  [2142]  in  which  the  thermodynam¬ 
ic  functions  of  F  were  calculated  up  to  5000  -  6000°K.  Divergences  be¬ 
tween  the  values  given  in  Table  39  (II)  and  the  results  of  preceding 
calculations  are  mainly  explained  by  differences  in  the  chosen  values 
of  the  physical  constants  and  amount  to  0.001  —  0.002  cal/g  —  atom»deg 
for  papers  [3313>  15^4,  2142]  and  to  about  0.01  —  0.015  cal/g  —  atom*deg 
for  papers  [1149,  2462].  The  deviations  from  the  results  of  the  Butkov- 
Rozenbaum  calculations  [114]  are  much  greater  and  reach  0.03  cal/g  — 
atom*deg  and  are,  obviously,  to  be  explained  by  the  errors  admitted  in 
this  paper.  The  thermodynamic  functions  of  monatomic  fluorine  given  in 
Zei^e’s  book  [4384]  obtained  from  calculations  in  [114];  Stull  and 


Sinke  [38943  and  the  Handbook  of  the  Bureau  of  Standards,  USA,  [3680] 
use  the  functions  obtained  from  data  of  [1514].  The  divergences  be¬ 
tween  the  values  of  thermodynamic  functions  of  monatomic  fluorine  giv¬ 
en  in  the  first  and  the  present  Editions  of  the  Handbook  lie  within  the 
limits  that  are  caused  by  variations  of  the  values  of  the  physical  con¬ 
stants. 

P“.  The  progressive  components  of  the  thermodynamic  functions  of 
the  negative  ion  of  monatomic  iiuorlne  are  calculated  according  to  the 
same  relationships  as  in  the  case  of  the  monatomic  fluorine.  The  elec¬ 
tron  components  of  the  thermodynamic  functions  of  F~"  are  equal  to  zero 
since  the  F”  ion  has  no  stable  excited  states  and  its  ground  state  is 
a  state  (see  page  452). 

Previously  it  was  Huff  et  al.  [2142]  who  calculated  the  thermo¬ 
dynamic  functions  of  F“.  The  divergence  between  the  values  of  the 
thermodynamic  functions  of  F~,  given  in  paper  [2l42j,  in  the  first  and 
in  the  present  edition  of  the  Handbook  is  due  to  the  fact  that  different 
values  of  the  physical  constants  were  used,  and  does  not  exceed  0. 005 
cal/g  —  atom-deg. 

Fg.  The  thermodynamic  functions  of  diatomic  fluorine,  given  in 
Table  4l  (II)  were  calculated  from  Eqs.  (II,  l6l),  (II,  162).  The  val¬ 
ues  of  In  Z  and  To/cfl?  In  S  in  these  equations  were  calculated  according 
to  the  method  of  Gordon  and  Barnes,  on  the  basis  of  constants,  given  in 

Table  51-  Table  53  shows  the  values  of  the  constants  C*  and  C  and  the 

<p  s 

coefficients  in  Eqs.  (II,  137),  (II,  138)  calculated  with  the  accepted 
values  of  the  molecular  constants. 

The  Fg  molecule  has  a  low  dissociation  energy.  The  corrections  for 
the  limitatio  of  the  number  of  rotational  levels  of  the  F2  molecule  in 
calculating  the  thermodynamic  functions  of  fluorine  accord— ig  to  the  me¬ 
thod  of  Gordon  and  Barnes  must  therefore  be  considerable.  In  tne  present 
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Handbook  the  corresponding  corrections  are  not  taken  into  account  since 

■3 

they  are  compensated  by  the  contribution  of  the  excited  Jnu  state  of  P2 
which  has  the  opposite  sign  end  is  likewise  not  considered  in  the  calcu¬ 
lation.  Moreover,  the  absence  of  experimental  data  on  the  vibrational 
constants  and  the  constant  a-^  of  the  interaction  between  rotation  and 
vibration  of  this  molecule  render  impossible  a  sufficiently  accurate 

calculation  of  the  thermodynamic  functions  of  diatomic  fluorine.  The 

# 

calculated  value  of  ^000  exhibits  an  error  wnich  amounts  to  about  0. 1 
cal/mole»deg.* 


TABLE  53 

Values  of  the  Constants  used  for  Calculating  the  Thermo¬ 
dynamic  Functions  of  F2  and  FO. 


1 

0 

JT-10* 

M0» 

&•«>* 

T  T 

Co 

Cs 

kwcm 

^  • 

0 

nu,'MO**-:pad 

• 

F, 

'  FO 

1329,4 

1294,9 

17,316 

1.9264 

1 

3,711 

0J87.S69 

5,89  ' 
_ 

■ 

8,6631 

13.3019 

l)  Substance;  2)  deg.;  3)  deg  1;  4)  cal/mole»deg. 


The  thermodynamic  functions  of  diatomic  fluorine  were  previously 
calculated  for  a  wide  temperature  interval  in  the  papers  by  Butkov  and 
Rozenbaum  [114J,  Potter  [3313],  Cole  et  al.  [1149]  (up  to  5000°K),  Huff, 
Gordon  and  Morrell  [2142]  (up  to  600C°K)  and  Evans  et  al.  [1514)  (up 
to  3000 °K)  and  Evans  et  al.  [1514]  (up  to  3000°K).  In  the  papers  [3313, 
1514,  1149]  the  calculations  were  made  according  to  the  method  by  May¬ 
er  and  Goeppert-Mayer  and  molecular  constants  recommended  by  Haar  and 
Becket.  (see  p.  454).  The  divergence  between  the  values  of  the  thermo¬ 
dynamic  functions  of  Fg  given  in  pipers  [3313,  1314,  1149)  and  in  Table 
4l  (II)  (up  to  0.3  cal/mole-deg  ^000  value)  are  alnost  entirely  to  be 
explained  by  the  difference  in  the  calculating  methods.  In  the  pape-  by 
But  .ov  and  Rozenbaum  [114]  the  therr.odyna.nic  functions  of  F2  were  also 
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calculated  according  to  the  method  by  Mayer  and  Goppert-Muyer  but  the 
values  of  the  molecular  constants  of  Fg  used  in  this  paper  were  in¬ 
correct  (see  page  454).  The  divergence  between  the  values  of  the  thermo¬ 
dynamic  functions  of  F2  given  in  paper  [114]  and  in  Table  41  (II)  is 
therefore  greater  than  with  other  papers. 

In  the  summary  of  [2142]  and  also  in  the  first  edition  of  the  pre¬ 
sent  Handbook  the  thermodynamic  functions  of  fluorine  i/ere  calculated 
in  the  approximation  of  the  rigid  rotator  —  harmonic  oscillator  model. 

In  Zeise's  book  [4384]  the  thermodynamic  functions  of  F2  are  tabulated 
which  have  been  calculated  in  the  papers  [114,  1149];  results  of  cal¬ 
culations  by  Evans  et  al.  [1514]  may  be  found  in  the  paper  by  Stull  and 
Sinke  [3394]  and  in  the  Handb  ok  [3680]. 

FO  and  F,-,0.  The  thermodynamic  functions  of  fluorine  oxide  and  di¬ 
fluorine  oxide  given  in  Tables  42  (II)  and  43  (II)  were  calculated  in 
the  approximation  of  the  rigid  rotator  —  harmonic  oscillator  model,  us¬ 
ing  the  constants  given  in  Tables  51  and  52.  In  Tables  53  and  54  we 
find  the  values  of  the  quantities  (C^)  and  Cs(Cg)  of  Eqs.  (II. l6l), 
(II.162)  and  (11.243),  (11.244)  needed  to  calculate  the  thermodynamic 
functions  of  FO  and  F20,  and  also  the  values  of  the  constants  9  with 
which  the  vibrational  components  were  calculated.  The  terms  R  In  4  are 
are  comprised  in  the  values  of  and  C<,  for  FO  since  the  ground  state 

p 

of  the  FO  melecule  was  assumed  to  be  a  n  state. 

At  low  temperatures  the  principal  errors  of  the  values  of  the 
thermodynamic  functions  of  FO  are  due  to  the  inaccuracy  of  the  value 
taken  for  the  rotational  constant  (about  0.2  cal/mole.deg)  and  the  ap¬ 
proximate  consideration  of  the  multiplet  character  of  the  ground  state 
(up  to  0.7  °al/mole*deg  for  the  $298  15  va*Je)*  At  high  temperatures  the 
errors  due  to  the  abse..c'~  of  experimental  data  on  the  FO  vibration  fre¬ 
quency  and  the  fact  that  the  calculations  were  made  in  the  approximation 
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of  the  rigid-rotator  —  harmonic-oscillator  model  become  considerable 
(up  to  0.5  cal/mole«deg  for  ^qqq)-  ®esides  this,  the  errors  due  to 
the  approximate  consideration  of  the  multiplet  nature  of  the  ground 
state  diminish  as  the  temperature  rises.  The  total  error  of  the  values 
of  *3000  the  order  of  0.8  cal/mole »deg. 

The  main  errors  of  the  calculated  values  of  the  FpO  thermodynamic 
functions  at  low  temperatures  are  caused  by  the  fact  that  inaccurate 
values  were  used  iu  calculating  the  molecular  constant  (0.02  cal/  mole, 
deg  $298  15)  ^hile  at  high  temperatures  it  is  due  to  the  approximate 
method  of  calculating  (0.7  cal/mole.  deg  *  The  error  of  the  cal¬ 

culated  value  of  ^000  amounts  fco  0.6-0. 8  cal/mole.  deg. 

TABLE  54 


The  Values  of  the  Constants  Used  in  Calculating 
the  Thermodynamic  Functions  of  FpO. 


r~r- 

'  «. 

9* 

c;  C's 

1  vai 

2  itajfMt  ■tpai- 

1335.2 

663,28 

1195,6 

4,8332  12,7823 

l)  Deg. ;  2)  cal/mole *deg. 


The  thermodynamic  functions  of  FpO  were  previously  calculated  by 
Pother  [3312]  and  Evans  et  al.  [1514] ,  up  to  1500°K.  Both  calculations 
were  made  with  Inaccurate  values  for  the  products  of  the  moments  of  in¬ 
ertia;  in  paper  [3312],  moreover,  the  frequency  values  used  for  the 
calculations  were  incorrect.  In  the  Handbook  of  the  US  Bureau  of  Stand¬ 
ards  (36803  the  thermodynamic  functions  of  FpO  were  taken  according  to 
data  of  [1514],  those  in  Zeise's  book  (43843  according  to  paper  [3312]. 
The  divergence  bet ween  the  values  of  the  thermodynamic  functions  given 
In  Table  3  (II)  and  the  results  of  the  preceding  calculations  -re  ex- 
pla*  'ed  by  the  difference  of  the  molecular  constants  used  (in  the  first 
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edition  of  the  Handbook  the  thermodynamic  functions  of  FgO  were  not 
calculated). 

The  thermodynamic  functions  of  FO  given  in  the  first  and  the  pre¬ 
sent  editions  of  the  Handbook  differ  by  an  amount  of  from  0.2 
(at  293.15°K)  to  0.5  cal/foole»deg  (at  6000°K),  owing  to  the  fact  that 
in  the  first  edition  the  values  of  the  molecular  constants  of  FO  were 
taken  from  paper  [436].  Other  calculations  of  the  thermodynamic  func¬ 
tions  of  FO  are  unknown  in  literature. 

§35-  THE  THEEMODYNAMIJ  QUANTITIES 

The  fluorine  standard  state  is  that  of  Fg  (gas). 

F  (gas).  The  heat  of  formation  of  monatomic  fluorine,  corresponding 
to  the  applied  value  of  Dq(F2)  (see  below),  is  equal  to 

A/r/o-  18,5  ±0,5  kca 1/e- atom 

F”  (gas).  In  literature  the  electron  affinity  of  the  fluorine  atom, 
A(F),  was  for  a  long  time  given  too  high  a  value  (about  98  kcal/g-atom) , 
which  had  been  obtained  by  Mayer  and  Helmholtz  in  paper  [2821]  and  was 
based  upon  a  calculation  according  to  the  Bom-Haber  cycle  with  an  in¬ 
correct  value  of  Dq(F2).  In  1948  Metlay  and  Kimball  [2862]  obtained  the 
first  experimental  data  v>n  the  quantity  A(F)  by  measuring  the  F“io?  con¬ 
centration  appearing  when  Fg  molecules  dissociate  on  an  incandescent 
tungsten  wire.  Since  the  value  of  A(F)  obtained  in  paper  [2862]  was  much 
lower  than  that  calculated  by  Mayer  and  Helmholtz  according  to  Born’s 
cycle,  the  authors  of  paper  [2862]  devoted  their  main  interest  to  ana¬ 
lyzing  the  causes  of  possible  experimental  errors.  Evans,  Warhurst  and 
Whittle  [1512]  however,  showed  that  the  high  values  of  A(P),  suggested 
in  paper  [2821],  are  incorrect  since  wrong  values  of  D0(Fg)  had  1)6511 
used  in  the  calculations;  the  electron  affinity  of  the  fluorine  atom 
must  amount  to  —81.7+4  kcal/g-atom.  This  value  is  in  good  agreement  with 
that  calculated  according  to  the  experimental  data,  obtained  by  Metli  * 
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and  Kimball;  A(F)  =-82.1+3.9  kcal/g-atom  (see  [770]). 

In  Pritchard’s  review  article  [3330]  in  which  the  data  on  the  ener¬ 
gy  values  of  the  electron  affinity  of  various  atoms  were  subject  to  a 
critical  analysis,  for  A(F)  a  value  of  -83.5  kcal/g-atom  was  recommend¬ 
ed,  a  value  that  was  also  accepted  in  the  first  edition  of  the  present 
Handbook. 

Following  Pritchard’s  review,  three  experimental  study  reports 
Were  published  which  dealt  with  the  determination  of  the  value  of  A(F) 
and  a  series  of  theoretical  and  semiempirical  estimates  of  this  quanti¬ 
ty  (see  [2768]).  In  the  papers  of  Bakulina  and  Ionov  [83,84]  a  mass 
spectrometer  was  used  to  measure  the  ratios  of  the  negative  ion  currents 
of  two  halogens  produced  In  a  simultaneous  surface  ionization  of  the 
vapors  of  their  alkali  salts.  The  measurements  in  [84]  of  the  ion-cur¬ 
rent  ratios,  with  an  Introduction  of  KF,  KC1,  KBr  and  KI  In  pairs,  re¬ 
sulted  In  a  high-accuracy  determination  of  the  differences  (in  kcal/g- 

atom)  of  the  electron  affinities  of  the  atoms  of  all  halogens: 

/i(Cl)  —  A  (Br)  «=  —5,774;  1,38, 

A  (Cl)— A  (I  )*=  -12,22  ±  0,69, 

4  (Cl)  —  .4(F)  4,61  i0.69, 

A  (Br)  -  A  (I  }=  -  6,23  i  0,46, 

A(F)  —  A  (Br)  =  —  0.46  ±  0.46, 

A  (F)  -  A  (I  )«  -  6,69  ±  0,92. 

In  order  to  determine  the  absolute  values  the  authors  of  paper  [84] 
used  the  value  A(Br)  =  —3-56  ev  =  —82.1  kcal/g-atom  as  the  most  re¬ 
liable  magnitude  and  obtained:  A(F)  =-82.6  kcal/g-atom.  The  value  of 
A(Br)  =  —8l  kcal/g-atom  we  used  in  the  present  Handbook  corresponds  to 
A(F)  =  -81.5  kcal/g-atom. 

In  Bailey’s  paper  [623]  the  quantity  A(F)  was  obtained  with  the 
help  of  two  methods:  on  the  basis  of  a  mass-speetrometrlcal  determina¬ 
tion  of  the  ion  concentration  in  the  dissociation  of  KF  and  RbF  on  in- 
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candenscent  tungsten  wires  and  on  the  basis  of  a  mass-spectometrical 
determination  of  the  Cl  and  P  ion  concentrations  in  the  dissociation 
of  ClFg  under  like  conditions,  using  the  A(Cl)  value  obtained  in  paper 
[623].* 

On  the  basis  of  the  data  obtained,  Bailey  recommended  A(P)  = 

—82.1  ±2.1  kcal/g-atom  which  is  in  good  agreement  with  the  data  of 
[3330,  83,  6233.  Virtually  the  same  value,  namely  A(P)  =  —82  ±  2 
kcal/g-atom  was  obtained  in  the  paper  by  Jortner,  Stein  and  Treinin 
[2308]  from  the  UV  absorption  maximum  of  solutions  containing  P“  anions. 
Finally,  in  Cublcciottl^  paper  [12293  the  electron  affinity  of  the 
fluorine  atom  (and  also  that  of  the  other  halogens)  was  calculated  ac¬ 
cording  to  the  Bom-Faber  cycle,  after  a  theoretical  calculation  of  the 
lattice  energy  of  the  halide  salts  of  alkali  metals.  The  corresponding 
value  of  A(F)  was  equal  to  -80.2±  1  kcal/g-atom. 'A  calculation  of  this 
value  on  the  basis  of  the  values  of  the  thermodynamic  quantities  ac¬ 
cepted  in  the  present  Handbook  results  in  a  somewhat  higher  value:  A(F) 

=  -80.7  ±  1  Kcal/g-atom.** 

In  the  present  Handbook  for  the  electron  affinity  of  the  fluorine 
atom,  obtained  on  the  basis  of  experimental  data  [770,  84,  623  and  23083, 
we  accept  the  value 

A(F)  =  —82. 1  ±  2  kcal/g-atom 

to  which  corresponds 

AH°f0(F”,  gas)  =  —63*  ±2.1  kcal/g-atom. 

F2(gas).  In  older  papers  [1990,  3832,  4173,  2583,  850,  1123,  13173 
too  high  values  were  assumed  for  the  Fg  dissociation  energy,  which  were 
equal  to  or  higher  than  63  kcal/faole.  These  values  were  calculated  from 
indirect  experimental  data  or  estimated  by  means  of  approximation  me¬ 
thods. 

Wahrhaftig  [41273  was  the  first  who  established  that  the  high  val- 


Wahrhaftig  [4127]  the  first  who  established  that  the  high  val¬ 
ues  of  the  fluorine  dissociation  energy  are  in  contradiction  with  the 
data  oh-the  dissociation  enei’gy  and  the  heat  of  fonnation  of  C1P  and  Gay- 
don  [l4l]  showed  that  they  are  also  in  contradiction  with  the  HP  dis¬ 
sociation  energy  as  calculated  on  the  basis  of  a  linear  extrapolation 
of  the  vibrational  levels  of  this  molecule.  Schmitz  and  Schumacher  [3640] 
repeated  Wahrhaf tig’s  investigations  of  the  C1F  absorption  spectrum  and 
also  measured  the  heat  of  formation  of  C1F  [3641] 5  they  found  that  the 
Fg  dissociation  energy  is  equal  to  33*4  or  30.6  kcal/mole  according  to 
the  quantity  D0(C1F)  (see  p.  506).  Caunt  and  Barrow  studied  thermodynamic 
cycles  including  the  dissociation  energy,  the  heats  of  formation,  dis¬ 
solution  and  evaporation  of  HbF,  CsF  [1073]  and  TIP  [1074]  and  found  that 
D0(Pg)  amounts  to  50  ±  6  kcal/mole  [1073]  or  less  than  *5  kcal/mole 
[1074j.  A  detailed  survey  of  these  and  other  papers,  with  an  analysis  of 
the  accuracy  of  the  data  obtained,  was  published  by  Evans,  Warhurst  and 
Whittle  [1512]  who  showed  that  D0(F2)  must  lie  within  the  limits  of 
37  ±  8  keal.  Analogous  results  as  to  the  inaccuracy  of  the  high  values 
of  the  fluorine  dissociation  energy  were  obtained  by  Riss  [355]  who 
analyzed  the  literature  published  until  1951- 

In  1953  Barrow  and  Caunt  [648]  carried  out  additional  studies  on  the 
dissociation  energy  of  the  fluorides  of  alkali  metals  and  obtained 
C298  (F2^  “  37*6  ±  3,5  kcal/mole  (or  DQ  (P2)  =  36,6  ±  3>5  kcal/nole). 

In  1948  Wieke  [4251,  4252]  studied  the  tnermal  conductivity  of  fluor¬ 
ine  by  means  of  the  method  of  the  incandescent  wire  and  arrived  at  the 
result  that  fluorine  does  not  dissociate  up  to  temperatures  of  1000°,  a 
fact  that  speaks  in  favor  of  the  value  D0(F2)  =  63  kcal/mole.  Analogous 
measurements  were  made  in  1951  by  Frank  and  Wicke  [1594]  who  found  that 
DQ(P2)  must  amount  to  at  least  45  kcal/mole.  More  precise  results  of 
meas  cements  of  the  thermal  conductivity  of  fluorine  showed  that  Dq(F2) 
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lies  in  the  interval  of  40  —  45  kcal/nole  [4253 3 «  Later  on  Wicke  and 
coworkers  [4255*  4254]  established  that  under  experimental  conditions 
[4251,  4252]  equilibrium  is  not  achieved  so  that  the  results  of  the 

Ci 

measurements  cannot  be  used  in  order  to  determine  Dq(F2). 

The  pressure  shat  establishes  when  fluorine  is  heated  in  a  closed 
container  was  measured  by  Loesher  [1358,  13593  (nickel  container,  temp¬ 
erature  753  —  1115°,  24  measurements)  and  Gilles  and  Margrave  [17453 
(copper  container,  temperature  300  —  860®,  three  measurements).  On  the 
basis  of  the  values  found  in  papers  [1358,  1359,  1745)  for  the  equili¬ 
brium  constants  of  the  F2  dissociation  reaction,  the  authors  of  the 
present  Handbook  calculated  the  values  Dq(F2)  =  36.7*  and  32  kcal/mole, 
respectively. 

Milne  and  Gilles  [29233  determined  the  values  of  the  equilibrium 
constants  of  fluorine  dissociation  when  fluorine  was  heated  in  a  con¬ 
tainer  of  Monel  metal  up  to  a  certain  temperature.  The  authors  of  paper 
[29233  measured  the  auantity  of  fluorine  atoms  in  a  molecular  beam 
emerging  from  an  opening  in  the  container  and  hitting  a  target  which 
was  coated  with  a  thin  tellurium  layer.  It  was  established  beforehand 
that  it  was  only  the  fluorine  atoms  and  not  its  molecules  that  reacted 
with  the  tellurium.  The  values  of  the  equilibrium  constants  of  the  F2 
dissociation  reaction  and  also  the  temperature  dependence  of  the  equi¬ 
librium  constants  of  this  reaction  found  in  paper  [2923]  correspond  to 
a  dissociation  energy  of  fluorine  equal  to  41.3  ±  0.5  kcal/mole.  But 
Milne  and  Gilles  assume  that  in  their  work  systematic  errors  may  have 
occurred. 

Wise  [4298,  4299)  studied  the  dissociation  of  fluorine  by  means  of 
an  effusion  method  and  obtained  D298^F2^  “  ^ 1  °>8  kcal/mole  (or 
J>q(F2)  -  36.6  kcal/mole).  A  calculation  of  the  dissociation  energy  of  F2 
from  the  values  of  the  equilibrium  constants  of  fluorine  dissociation 
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as  found  by  Wise  [4298,  4299]  and  the  thei  adynamic  functions  of  F  and 
P2  as  accepted  in  the  present  Handbook  result  in  the  value  Dq(F2)  = 

37.6  ±  1.0  kcal/feole ,  The  results  of  two  measurements  in  Wise's  experi¬ 
ments  at  very  high  temperatures  are  considerably  lower  which  might  be 
explained  by  a  more  powerful  interaction  between  fluorine  ani  the  ma¬ 
ter  lalof  the  effusion  cell.  If  we  ignore  these  two  experiments,  Wise's 
data  result  in  D  (Pg)  =  37.0  ±0.5  kcai/mole. 

Wlcke  and  Fritz  [4255]  measured  the  explosion  pressure  of  mixtures 
of  Pg  +  Clg  and  Hg  +  Pg  +  Ar  in  a  spherical  bomb  and  found  Dq(F2)  = 

37  ±  2  kcal/faole.*  Wray  and  Hornig  [4334]  studied  the  speed  of  shock 
waves  in  gas  mixtures  containing  different  quantities  of  fluorine  and 
obtained  DQ(Pg)  =  31  ±  4.3  kcal/mole. 

In  the  past  years  attempts  were  made  to  determine  the  dissociation 

energy  of  Pg  molecules  cn  the  basis  of  studying  their  spectra.  IczkowskI 

and  Hargrave  [2163]  investigated  the  fluorine  absorption  spectrum  in 

vacuum  Ultraviolet  and,  via  a  short  linear  extrapolation  of  the  levels 

of  the  high  excited  state,  they  obtained  DQ  =  38OO  cm-1.  In  thi3  state 

the  dissociation  products  of  fluorine  molecules  must  be  fluorine  atoms 
2  2 

in  the  P  and  P  states.  Since  these  states  of  the  fluorine  atom  are 

O  u 

both  doublets,  four  values  are  possible  for  the  dissociation  energy  of 
F2  in  the  ground  state.  IczkowskI  and  Margrave  recommend  the  mean  val¬ 
ue  of  them,  which  Is  equal  to  37*5  ±  2  kcal/mole.  Rees  [3414],  on  the 
basis  of  data  on  the  continuous  absorption  spectrim  of  Fg  In  the  visi¬ 
ble  range  of  the  spectrum,  obtained  in  paper  [3849a],  and  estimated  val¬ 
ues  of  the  vibrational  constants  of  Pg  in  the  state  X^Z  (see  p.  453  ), 
constructed  the  potential  curve  of  the  repulsive  excited  state  1nu,  pos¬ 
sessing  the  same  dissociation  limit  as  the  ground  state  of  the  P2  mole¬ 
cule.  Comparing  the  potential  energy  curve  of  the  *nu  state  obtained  in 
th::  3  way  with  the  curves  obtained  by  theoretical  calculations  from  the 
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Born-Mayer  forrula  for  different  values  of  D0(Pg),  Rees  came  to  the 
conclusion  that  the  Fg  dissociation  energy  is  equal  to  37.1  ±  O.85 
weal/mole. 

The  contradiction  between  the  comparatively  low  value  of  the  dis¬ 
sociation  energy  of  the  fluorine  molecule  (D0(?g)  =  37  kcal/inole)  and 
the  high  value  of  its  force  constant  (ke  =  4. 78 .10^. dynes. cm"1)  was  ex¬ 
plained  by  Brown  [9873  on  the  basis  of  a  conception  on  the  valent  states. 

Thus,  most  of  the  studies  made  in  the  past  years,  with  the  help 
of  different  methods,  led  to  similar  values  of  D„(F«).  The  most  accur- 
ate  values  were  obtained  in  the  papers  [1359*  4255,  4299,  3414],  accord¬ 
ing  to  which  we  accepted  in  the  Handbook  the  value 

D0(F2)  =  37.0  +  1.0  kcal/faole 

The  quantities  recommended  in  the  Handbook  editions  and  in  review 
articles  [1668,  255,  2585,  4384,  2494]  agree  virtually  with  those  ac¬ 
cepted  in  the  present  Handbook.* 

FO  (gas).  Dibeler,  Reese  and  Franklin  [1329]  studied  the  dissocia¬ 
tion  of  FgO  by  the  method  of  electron  impact  and  found  that  the  F” Ioni¬ 
zation  potential  is  equal  to  1.2  ±  0.2  ev.  The  authors  of  paper  [1329] 
related  this  value  with  the  following  process: 

FgO  (eas)  +  e~  “•>  FO  (gas)  +  F~  (gas),  (8.1) 

which  permitted  them  to  calculate  D  (FO  —  F)  =  ,?,8  ev  =  64.5  kcal/mole 

o 

(where  the  kinetic  energy  of  FO  and  F”  is  taken  into  account  which,  ac¬ 
cording  to  measurements  carried  out  in  paper  [1329],  is  equal  to  2  ev). 

The  value  of  DQ(FO  —  F)  obtained  in  paper  [1329] ,  corresponds  to 
Dq  (FO)  =  24  kcal/nole.  The  great  difference  between  the  values  of  Dq(FO) 
D0  (FO  —  F),  found  in  paper  [13293*  is  not  plausible;  It  may  be  due  to 
an  erroneous  interpretation  of  the  process  of  F~  ion  production  accept¬ 
ed  in  this  paper. 

In  Gaydon's  monograph  [1668]  we  find  the  value  DQ(FO)  =  35  kcal/mole. 


calculated  by  Glockler  [1762]  under  the  assumption  that  DQ(FO)  = 

=  \  D^(PgO)*  and  D0(P2)  =  60  kcal/mole.  Since  P  —  0  bond  in  PC  and 
FgO  molecules  is  of  the  same  type  (see  p.  455) ,  the  method  of  estimat¬ 
ing  the  quantity  D0  (FO)  suggested  by  Glockler  is  admissible.  A  cal¬ 
culation  according  to  this  method.,  using  the  values  of  the  therroodynam- 
lc  quantities  accepted  in  the  Handbook,  leaas  to  the  value  Do(FO)  = 
kcal/foole,  which  is  in  agreement  with  the  value  ©(CF^O  —  F)  =  47  keal/- 
moleicalculated  on  the  basis  of  mean  bond  energies  in  the  CF^  and 
GH^GH  molecules  and  the  heat  cf  formation  of  CF^OP  [3308]. 

The  quantity  Do(F0),  estimated  to  be  equal  to  ^  Do(P20)f  is  much 
more  reliable  than  that  obtained  from  data  by  Dibeler,  Reese  and  Frank¬ 
lin  £1329].  He  therefore  accept  in  the  Handbook 

I>o(P0)  «*  44.  ±  10  kcal/mole 
10  this  value  of  DQ  (EO)  corresponds 

/tt^fJPO,  gas)  =  33.487  ±  10  kcal/mole 

FpO  (gas).  Ruff  and  Menzel  [3560,  3561]  measured  the  combustion 
heat  of  fluorine,  oxygen  and  P20  in  hydrogen,  in  the  presence  of  a  NaOH 
solution  and  obtained  AH^g^CFgO)  =  4. 6  ±  2  kcal/mcle.  Brauer  [1093] 
obtained  on  the  basis  of  the  measurements  by  Ruff  and  Menzel  (Fp)  = 

—  7  ±2  kcal/feole. 

Wartenberg  and  Klinkott  [4164,  4154]  determined  the  heat  of  inter¬ 
action  of  gaseous  FgO  with  KOH,  K I  and  HBr  solutions.  The  results  of 
these  measurements  were  recalculated  by  BichowsV  r  and  Rossini  [813]  who, 
taking  Ruff's  and  Menzel* s  data  [3560,  3561]  into  account,  recommend¬ 
ed  the  value  A  gas)  =  5.5  kcal/mole. Evans  et  al.  [1514],  on 

the  basis  of  the  data  by  Wartenberg  and  Klinkott  [4164,  4154],  calcult- 
ed  the  value  AH°f2^g  ^  (F20)  =  7-6  +  2  k/cal/mole. 

The  recalculation  of  the  measuring  results  obtained  by  Wartenberg 
and  Klinkott  [4l64,  4154]  carried  out  with  more  accurate  data  [3561,  3508] 
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for  the  heat  of  formation  of  the  corresponding  solutions  led  to  the 

following  values  of  tfTfcnM  (F*Q):  8.6  kcal/mole  (reaction  with  KOH  solu¬ 
tion),  7.7  kcal/mole  (reaction  with  K2  solution)  and  9.7  kcal/mole 
(reaction  with  HBr  solution). 

It  is  not  possible  to  make  a  substantiated  selection  among  the 
values  of  the  heats  of  formation  of  FgO,  calculated  on  the  basis  of 
measurements  (3560,  3561)  and  [4164,  4154].  Therefore  a  mean  value  was 
accepted  for  the  Handbook: 

AH'/fnu  (FjO,  »•)«=  8 ^ 3  . kc.i 

To  the  accepted  value  of  the  heat  of  fonnatior  corresponds 

P.(F/>)  -  87.446  ±3.2  kcal/aob 

TABLE  55 


The  Values  (in  cal/toole)  Used  for  the  Thermodynamic 
Quantities  of  Fluorine  and  Its  Compounds  in  the  Gas¬ 
eous  State 


Reduced  value  of  the  energy  of  detachment  of  an 
electron  from  an  F~  ion. 


l)  Substance. 


Chapter  9 

CHLORINE  AND  ITS  COMPOUNDS  WITH  OXYGEN  AND  FLUORINE 

(a,  c»",  ci*  cio.  cio*  ci,o,  woci,  cir> 

The  present  chapter  deals  with  monatomic  and  diatomic  chlorine, 
the  Cl^  ion,  the  simplest  oxygen  compounds  of  chlorine  (CIO,  ClO^,- 
ClgOi  HOCl)  and  fluorine  (OIF)  in  the  gaseous  state. 

Apart  from  the  chlorine-oxygen  compounds  considered  in  the  Hand¬ 
book  there  are  other  multiatonix  chlorine  oxides  which  are  well-known: 

Cl,O«,Clj07, 0,0,  .  These  compounds  are  unstable  at  high  temperatures 

and  on  heating  they  decompose  easily  into  the  elements. 

Among  the  chlorine-fluorine  compounds,  besides  C'iF,  we  also  know 
chlorine  trifluoride  CIF^.  There  are  also  several  unstable  compounds 
of  chlorine,  fluorine  and  oxygen  (CIO^F,  ClOgP,  CIO^F,  and,  possibly, 
C10F).  These  compounds  are  not  considered  in  the  Handbook. 

The  data  given  in  the  present  chapter  permit  a  sufficiently  ac¬ 
curate  calculation  of  composition  and  thermodynamic  properties  of  the 
systems  chlorine  —  oxygen,  chlorine  —  fluorine*  and  chloxine  —  oxygen 
—  hydrogen. 

Compounds  of  chlorine  with  other  elements  will  be  dealt  with  in 
the  chapters  10-12,  15,  16-18,  21-26,  28,  29. 

§36.  THE  MOLECULAR  CONSTANTS 

Cl.  In  the  electron  ground  state  the  chlorine  atom  has  the  electron 

p 

configuration  ljp 2s"  /p*  3s*  3p*.  which  corresponds  to  one  ?  term.  The  ener¬ 
gies  of  transition  to  excited  electron  states  of  the  chlorine  atom  are 
hi  u  (higher  than  80,000  cm”3’)  and  therefore  these  states  are  not  con- 
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sidered  in  our  Handbook.  Table  56  gives  the  excitation  energies  and 

p 

statistical  weights  of  the  two  components  of  the  ground  state  P  of 
the  chlorine  atom,  taken  from  Moore’s  Handbook  [2941]. 


TABLE  5 6 

Energy  Levels  of  the  Cl  Atom  and  the 
Cl“  Ion. 


1 

Mom 

2  COCTOMU* 

Cr«T»cm. 

Sitprii 

6 

J 

mwfiiiM  n«4»rypiwi 

TtpM  4 

a 

1**  2**  2p»  3 s* 

tP% 

4 

0 

It*  2t*  2p*  3i*  3 p» 

•*v. 

2 

881 

a- 

U*  2t*  2p*  3*»  3/»* 

1 

0 

l)  Atom:  2)  state;  3)  electron  configura¬ 
tion;  4;  term;  5)  statistical  weight;  6) 

level  energy,  cm*"1. 


Cl”.  The  electron  configuration  of  the  negative  ion  of  monatomic 
chlorine  in  the  ground  state  is  of  the  type  U*  2s*2p*  3**  3p*  which  cor¬ 
responds  to  an  term.  By  analogy  to  the  argon  atom  which  has  the  same 
electron  configuration  it  can  be  assumed  that  the  energies  of  the  ex¬ 
cited  states  of  the  Cl”  ion  must  amount  to  about  100,000  cm”'*',  a  value 
that  exceeds  by  far  the  energy  of  electron  detachment  from  a  Cl”  ion 
(see  p.  502).  We  therefore  assumed  in  the  Handbook  that  Cl”  has  but  a 
single  stable  state,  namely  the  ground  state  1S. 

Clp.  The  emission  and  absorption  spectra  of  diatomic  chlorine  has 
been  investigated  by  many  authors  in  a  wide  interval  of  wavelengths, 
ranging  from  the  visible  up  to  vacuum  ultraviolet.  The  complex  charac¬ 
ter  of  the  chlorine  electron  spectrum,  which  consists  essentially  of 
continua  and  diffuse  bands,  however,  renders  it  very  difficult  to  in¬ 
terpret  experimental  data  and  the  knowledge  of  the  electron  states  of 
the  Clg  molecule  and  of  its  constants  is  at  present  very  limited.  The 
presence  of  continua  and  diffuse  bands  in  the  chlorine  spectrum  is  due 
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to  the  fact  that  the  Cl2  molecule  has  a  great  number  of  excited  elec¬ 
tron  states  with  low  energies  and  common  dissociation  limits,  a  con¬ 
siderable  part  of  these  states  being  repulsive  states,  while  the  min¬ 
imis  of  the  potential  curves  of  the  stable  states  are  shifted  with  res¬ 
pect  to  the  minimum  of  the  ground  state's  potential  curve  to  the  range 
o£t  Idrge  values  of  r.  in  fact,  it  must  be  stressed  that  an  interpreta¬ 
tion  of  the  chlorine  spectrum  is  rendered  much  easier  by  studying  the 
sp^ctx«  of  other  halogens  (Br?  and  Ig)  whose  molecules  have  outer  elec- 
tpoh  -shells  which  are  analogous  to  the  electron  shell  of  the  Cl2  mole¬ 
cule:;  ; 

' A  theoretical  analysis  of  the  electron  states  of  halogen  molecules 
(Cl|j  Br2  and  X,)  and  also  of  diatomic  interhalogen  compounds,  an  in¬ 
vestigation  of  their  correlations  with  the  states  of  the  corresponding 
atoms  and  an  interpretation  of  the  results  of  experimental  investiga¬ 
tions  of  halogen  spectra  were  made  by  Mulliken  in  a  series  of  papers 
(see  [2987,  *2982,  2998]).  On  the  basis  of  these  investigations  Mulliken 
came  to  the  conclusion  that  the  state  is  the  electron  ground  state 

O 

of  halide  molecules  and  the  lower  electron  states,  correlated  with 
states  of  the  halogen  atoms,  must  be  states 

[2987];  be  showed  that  the  last  three  states  must  be  of  repulsive  nature 
while  continua,  as  observed  in  the  absorption  spectra  of  all  halogens 
in  the  near  ultraviolet  or  in  the  visible,  correspond  to  *n«  —  Xl2} 
transitions.  On  the  basis  of  theoretical  considerations  and  an  analysis 
of  experimental  data  Mulliken  showed  (see  [2987])  that  the  spin-orbital 
coupling  in  excited  electron  states  of  halogen  molecules  corresponds  in 
its  nature  to  case  c  according  to  Hund  or  is  similar  to  it.  Hence  fol¬ 
lows  in  particular  that  the  lower  excited  state  of  the  Cl0  molecule  (as 

sZ> 

well  as  cf  Br2,  I2  and  the  molecules  of  interhalogen  compounds)  cannot 
be  .onstdered  as  a  single  state  as  it  consists  essentially  of  four  inde- 
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pendent  states:  *n  1,  *11  *n18,  *n*«.  The  most  intense  system  of  discrete 

•«  ®* 

bands  in  the  absorption  spectra  of  Clg,  Brg  and  Ig  in  the  visible  range 
(together  with  the  adjacent  continuum)  was  identified  by  Mulliken  with 
the  *n transition  and  the  weak  system  of  bands  in  the  near 
infrared  part  of  the  spectrum  of  Brg  and  Ig  was  identified  with  a 
*n1B *-  Wig*  transition.  A  band  system  of  *nl8*-X12*  has  not  beon  ob¬ 
served  so  far  in  the  chlorine  spectrum. 

In  paper  (2998]  Mulliken  calculates  theoretically  the  splitting 

■a 

of  the  components  of  the  JHU  state  for  the  Clg,  Brg  and  Ig  molecules 
and  came  to  the  conclusion  that,  with  an  interatomic  distance  equal 
to  the  equilibrium  distance  in  the  X~z*  state  (i.e. ,  above  the  minimum 

O 

of  the  potential  curve  of  this  state),  the  potential  curves  of  the 

states  *H  ‘II*,.  *11*,  and  lie  one  below  the  other  in  tnis 

“  -3  -  u 

sequence,  the  state  being  the  highest.  In  the  case  of  Br2  and  Ip 

uu  *  * 

Mulliken’ s  calculations  are  in  good  agreement  with  the  experimental 

data  for  the  states  3JI0+  and  3n,  (see  Tables  64  and  69).  For  Cl«  they 

penult  the  assumption  that  the  states  *1TW, *IT.a^JIl  _  ,  to  which  transi¬ 
tu 

tions  are  not  observed  ir.  experiment  (see  below),  must  be  stable  since 
for  Clp  in  the  state  SH  ,  3320  cm”1,  and,  therefore,  the  minimum 

of  the  potential  curve  of  this  state  lies  much  lower  than  the  dissocia¬ 
tion  limits  of  the  states  *JTW,  *11*,, *11  .  and  X1^!. 

•«  E 

This  point  of  view  is  in  contradiction  with  the  interpretation  of 
the  halogen  molecule  spectra  as  suggested  by  Asundi  and  Venkateswarlu 
[584].  According  to  this  intepretation  the  Clg  molecule,  besides  the 

l  +  p  o 

X  z  state,  has  only  one  stable  state,  correlated  with  the  P  +  P  limit 

o 

(the  3HQ+,  state,  for  the  Brg  and  Ig  molecules  there  are  two  such  states, 

(3IU+  and  3n,  ) ;  the  states  3n2u  and  3n0-  may  be  possessed  by  all  three 
uu  A  ^  uu 

a 

molecules  and  the  state  H^u  by  Clgj  just  as  all  residual  states,  corre- 
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2  2 

lated  with  the  dissociation  limits  P  +  P,  they  are  repulsive  states. 

This  conclusion  is  based  on  an  analysis  of  halogen  emission  spectra  in 

. the  range  1800  —  4800  A,  obtained  in  a  series  of  papers  by  Venkateswar- 

lu,  which  consists  of  croups  of  diffuse  bands  and  may  be  related  to 

transitions  from  stable  electron  states  with  high  excitation  energies 

■  2  2 

to  repulsive  states  correlated  with  the  P  +  P  dissociation  limit. 

Since  the  minima  of  the  potential  curves  of  stable  states  correspond  to 
great  intemuclear  distances  and  lie  above  almost  horizontal  sections 
: of  the  potential  curves  of  repulsive  states,  in  the  spectrum  a  single 
diffuse  band  must  correspond  to  the  transition  between  each  pair  of 
states.  In  the  Cl2  emission  spectrum  Venkateswarlu  [4088]  observed  three 
band  groups  which,  in  paper  [584],  were  interpreted  as  transitions  from 
the  states  and  1nlg  (T0  is  equal  to  58,000,  67,700  and  75,000cu.“ 

respectively)  to  a  series  of  repulsive  states.  Three  bands  in  the  range 
about  2100  A  were  referred  to  the  transitions  su«. -* *11^. *3.4  —  -Ziu  and 
*n —  >  and  on  this  basis  the  conclusion  was  drawn  that  the  states 

3IT^,  ^  and  JHQ-  are  repulsive  states. 

This  conclusion  was  actually  not  corroborated  In  paper  [584]  by 

a  single  theoretical  argument.  If  we  take  into  account  that  the  Clg 

molecule  lias  a  great  number  of  other  repulsive  states,  correlated  with 

2  2 

tiie  dissociation  limit  P  +  P,  it  is  obviously  impossible  to  give  an 
unambiguous  Interprestation  of  the  diffuse  bands,  so  much  the  more  as 
their  relationship  to  a  transition  from  the  state  with  Tg~  67,700 

cm-1  is  also  problematic.  The  conclusion  of  Asundi  and  Venkateswar¬ 
lu  that,  in  contrast  to  Br2  and  1^,  the  state  of  Cl2  is  a  repul¬ 

sive  state,  is  also  called  In  question,  because  the  stability  of  this 
state  increases  from  Ig  to  Br2  (the  dissociation  energies  of  the  I2  and 
3r^,  molecules  In  the  state  amount  to  about  660  and  2240  cm”  )  and 


it  is  not  justified  to  expect  an  inverse  dependence  for  the  transition 
from  Br2  to  Clg. 

It  is  obvous  that  for  the  problem  of  the  stability  of  the  states 
*n#-,  *n„  and  JlI2u  of  the  Clg  molecule  a  final  solution  can  not  be 
found  before  new  experimental  data  have  been  obtained  which  permit  an 
unambiguous  interpretation. 

The  molecular  constants  of  Cl2  in  the  states  X1^  and  B%0  —  may 

g  °u 

be  determined  as  a  result  of  analyzing  the  band  system  »n  +  ir  I2>  •  In 
the  emission  spectrum  of  chlorine  this  band  system  was  obtained  by  Uch- 
ida  [4030]  and  Kitagawa  [2423]  with  the  help  of  low-dispersion  devices; 
the  wavelengths  of  the  band  edges  were  not  determined  with  high  accura¬ 
cy  and  the  Cl2  constants  were  not  determined  at  all.  In  the  absorption 
spectrum  the  band  system  »n  ♦— *2*  was  studied  by  Kuhn  [2498],  Namakura 
[3018]  and  Elliott  [1474,  1476].  The  authors  of  [2498,  3018]  observed 
in  the  spectrum  four  groups  of  bands  with  the  short-wave  end  in  the  range 

O 

of  4785  A  and  determined  the  wave  numbers  of  the  band  edges.  These  bands 

are  due  to  transitions  from  the  levels  v  =  0,  1,  2  and  3  of  the  state 

xV  to  high  vibrational  levels  of  the  state  +*.  In  Elliott’s  papers 

Hi 

[1474,  14*763  the  Cl2  absorption  spectrum  was  obtained  with  a  high-dis- 
persion  device  which  made  it  possible  to  resolve  the  rotational  struc¬ 
ture  and  to  determine  the  wa^e  numbers  of  the  beginnings  of  10  bands, 
among  them  seven  bands  of  the  Cl|^  molecule  and  three  bands  of  Cl^Cl^ 
molecules.  On  the  basis  of  the  measured  Isotope  shift  in  the  three  Cl2 
molecule  bands,  Elliott  could  improve  the  numeration  of  the  bands  observ¬ 
ed  by  him  and  the  authors  of  the  papers  [3018,  2498]  in  the  chlorine  ab¬ 
sorption  spectra,  and  he  obtained  the  following  equation  for  the  band 
edges  (see  [1476])**: 

v  »  17657,7  —  255,7  o'  +  5,42  o'*  +  560,9  o'  —  4.0  o'*.  (9. 1 ) 
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The  values  of  the  vibrational  constants  of  Clg  in  the  state  and 

corresponding  to  the  above  equation,  are  contained  in  the  present  Hand¬ 
book  (see  Table  57).  They  agree  with  the  values  recommended  in  Herzberg’s 
monograph  [2020]  and  in  the  handbook  [649].  Though  the  accepted  values 
of  bhe  vibrational  constants  of  Clg  in  the  state  X*2g  were  calculated 
from;data  of  the  four  lower  vibrational  levels  (vM  =  0,  1,  2  and  3)  they 
are  obviously  suited  well  enough  to  approach  the  energies  of  the  higher 
vibrational  levels  of  this  state  since  the  calculated  levels  coincide  at 
19»950  cm”*,  while  the  dissociation  limit  of  the  X*2*  state  lies  at 

';C  ’  O 

19 >969  cm-1  (see  p.  502)  above  the  level  v  =  0. 

Stamreich  et  al.  [38393  found  that  in  the  Raman  spectrum  of  Clg 
the  fundamental  frequency  is  equal  to  AC./,  =  557,5  ±  I  cm-1  which  is  in 
good  agreement  with  a  value  calculated  from  the  adopted  constant: 
a,  —  =  556,s  cm-1 . 

Since  in  papers  [1474,  1476]  only  bands  with  v”  =  l  and  v"  =  2 

were  observed,  Elliott  could  only  determine  two  values  of  E^iB^  = 

0.2412  and  Bg  =  0.2395  cm-1.  The  values  of  Be  and  c^,  corresponding  to 

these  quantities  are  contained  in  the  present  Handbook.  Since  the  value 

of  B_  is  not  established  by  experiment,  the  accuracy  of  the  rotational 

1  + 

constants  of  Clg  in  the  state  X  2’ ,  compiled  in  Table  57,  is  comparative- 

o 

ly  low. 

The  vibrational  and  rotational  constants  of  01o  in  the  B3n„+ 

*  °u 

state,  given  in  Table  57  >  are  also  borrowed  from  Elliott  [1476].*  In 

connection  with  the  fact  that  in  papers  [3018,  2498,  1474,  1476]  in  the 

Clg  absorption  spectrum  only  bands  with  v*  J>  4  could  be  observed,  the 

•3 

values  accepted  for  T  and  the  vibrational  constants  of  the  nn+  state 

e 

may  contain  a  small  error.**  None  the  less,  they  are  in  good  agreement 
with  those  recently  obtained  by  Venkateswarlu  and  Khanna  [40933  on  the 


i  l  ; 
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on  the  basis  of  an  analysis  of  the  band  system  in  the  range  2390  - 

c 

2600  A  of  the  Clg  emission  spectrum  (see  Table  37)  which  belongs  to  a 

transition  from  a  high  electron  state  of  the  Clg  molecule  to  the  *0+ 

uu 

state.  In  this  system  bands  are  observed  which  correspond  to  values  of 
v"  from  0  to  25. 

TABLE  57 

Values  Accepted  for  the  Molecular  Constants  of  Clg,  CIO  and  C1F 


1 

2 

Coviouiiue 

Tt 

*« 

•A 

D‘ 

Oj.103 

B 

3 

mm 

Cl]-4 

X'l+g 

0 

564,9 

4,0 

0,2438 

0,17 

0,18* 

1,983 

B'a* 

m 

17809,7  b 

261, 12 c 

5.42 

0,161 

0,2d 

— 

2.41 

CPK) 

0 

868 

7,5 

0,6425* 

0.69ff 

2.2 

1,546 

** 

it  n* 

31022,2 

563,39 

9,31h 

'  0,4809 

0,53 1 

1.79 

C1«F 

xv 

0 

787,5 

7 

0,516509 

0.4359 

0.891 

1.62813 

B’rv 

18787,7 

380,4 

11.2 

0,372 

1.4 

— 

*•” 

l)  Molecule;  2)  state;  3)  cm-1. 

Calculated  from  Eq.  (1.36). 

^In  Herzberg3  book  [2020]  and  in  the  handbook  [6493  the  fol¬ 
lowing  values  (in  cm"**)  are  given:  Tg  =  18310,5,  o>  =  239,4, 

<Ve  =  5,42,  Be  =  0,158,  =  0,003. 

According  to  data  of  Venkateswarlu  and  Khanna  [4093]  (in  cm-1) 
(se  =  260,69,  <wexe  =  5,35,  <oeye  =  0,0178,  o>eze  =  1, 15*10^. 

dOg  =  — 1. 10“^cm-1; 

Constant  given  for  v  =  0; 

f* 

Calculated  from  Eq.  (1.38); 

®A  ~  200  cm”'1'; 

*Vy.,  =  —0. 07  cm-1; 

1o2  =  — 4*10“^cm”1. 

The  accuracy  of  the  values  of  ths  rotational  constants  of  Clg  in 

the  state  compiled  in  Table  57,  is  much  lower  since  in  papers 

°u. 

[1476,  1474]  the  rotational  structure  was  only  studied  of  the  bands  with 
v*  =  6,  7,  8  and  11,  12,  13.  The  corresponding  values  of  B  as  calcu¬ 
lated  by  Elliott  in  paper  [1476],  lie  on  two  intersecting  straight 
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lines  if  plotted  in  a  graph  Bv  versus  v,  which  does  net  render  it  pos¬ 
sible  to  describe  their  functions  By  =  BQ  —  a^v  and  to  obtain  a  satis¬ 
factory  value  for  Be  or  BQ.  The  values  of  the  constants  Be,  and 
given  in  Table  57  were,  when  preparing  the  present  Handbook,  calculated 
from  By  values  given  in  paper  [1476]. 

In  the  past  years  a  series  of  papers  (see  4088,  4093*  2391,  1953* 
1955j  2584]  were  devoted  to  studies  of  the  chlorine  spectra  connected 
with  electron  states  of  the  Cl2  molecule.  All  these  electron  states 
have:  excitation  energies  exceeding  50,000  cm-1  and  are  not  considered 
in  ..the  present  Handbook.  The  interpretation  of  the  observed  transi¬ 
tions  and  the  systematism  of  the  high  electron  states  of  the  Cl2  mole¬ 
cule  may  be  found  in  the  papers  of  Asondi  and  Venkateswarlu  [584], 
Haranath  and  Rao  [1955]  and  Lee  and  Walsh  [2584]. 

CIO.  The  first  spectra  of  CIO  were  obtained  in  1943  by  Pannetier 
and  Gaydon  [3173]  who  studied  the  radiation  from  a  hydrogen  flame  burn- 

ingrin  oxygen  with  chlorine  admixtures.  The  bands  observed  in  the  range 
o 

3500-4500  A  did  not  have  sharp  edges  and  were  overlapped  to  a  considera¬ 
ble  degree  by  hydroxyl  bands  which  rendered  their  analysis  very  difficult. 
From  the  spectrograms  obtained  with  a  low-dispersion  device,  Lhe  authors 
[3173]  determined  the  wavelengths  of  20  edges  with  an  accuracy  of  up  to 

O 

2-5  A  (±10-30  enf*  )  and  ordered  them  in  the  Deslandres  scheme,  but  it 
was  impossible  to  determine  the  values  of  the  vibrational  quantum  num¬ 
ber  v”  and  the  vibrational  constants  of  CIO. 

In  1950  Porter  [3301 »  3303]  obtained  the  CIO  absorption  spectrum 
in  pulsed  photolysis  of  chlorine  in  the  presence  of  oxygen.  The  band 

O 

system  consisted  of  two  progressions  and  ranged  from  2630  to  3040  A. 

From  the  shape  of  the  bands  and  also  on  the  basis  of  theoretical  con¬ 
siderations  the  band  system  observed  was  attributed  to  the  transition 
2  2 

H  —  H  and  each  progression  to  transitions  from  one  of  the  two  com- 


ponents  of  the  lower  (v”  =  0)  vibrational  levels  of  the  ground  state 
to  a  series  of  levels  of  the  excited  state.  The  low  dispersion  of  the 
apparatus  and  the  complex  character  of  the  spectrum  did  not  permit  an 
analysis  of  the  rotational  structure  of  the  CIO  bands. 

On  the  basis  of  the  results  of  his  measurements  and  data  from 
[3173]  on  the  emission  spectrum  of  CIO,  Porter  estimated  the  wave  num¬ 
ber  of  the  0-0  band  edge  (~30,900  cm’*'1')  and  numbered  the  residual 
bands.*  The  vibrational  constants  of  CIO,  calculated  by  Porter,  are 
equal  to  (in  cm"1):  <a*  =  868; <i\x"  —  7,5;  <>\  =  557  and  o  x '  =  11.  It  must 

v  v 

be  noted  that  they  give  a  bad  description  of  the  wave  numbers  of  band 
edges.  Thus  the  values  calculated  from  these  constants  and  those  found 
by  Pannetier  and  Gaydon  from  the  emission  spectrum  differ  by  100-150  - 
cm"1. 

In  1938  Durie  and  Ramsay  [1428]  again  studied  the  absorption  spec¬ 
trum  of  CIO  in  pulsed  photolysis  of  chlorine  in  the  presence  of  oxygen. 
The  spectrum  was  obtained  in  an  apparatus  with  high  dispersion  and  con¬ 
sisted  in  a  progression  of  bands  (v*  =*  0).  In  the  short-wave  range  the 
bands  are  observed  to  converge  to  a  limit  beyond  which  the  continuum  be¬ 
gins.  In  front  of  the  limit  of  band  convergence  the  rotational  struc¬ 
ture  of  the  spectrum  is  complex  since  the  bands  overlap.  In  the  long¬ 
wave  range  the  rotational  structure  was  simpler  but  In  many  bands  the 
rotational  lines  were  blurred  because  of  a  predissociation  of  the  up¬ 
per  state. 

Accepting  the  numeration  suggested  by  Porter  [3301]  for  the  bands 
investigated,  Durie  and  Ramsay  determined  the  values  of  the  vibrational 
and  rotational  constants  of  CIO  in  the  excited  state,  the  vibrational 
constants  being  calculatea  for  the  beginnings  of  the  bands.  This  per¬ 
mitted,  with  the  help  of  an  extrapolation  of  tne  wave  numbers  of  the 
beginnings  of  the  bands  of  the  v+  =  0**  progression,  an  improvement  of 


the  wave  number  of  the  0-0  band,  which  was  found  to  be  equal  to 

,  -  -r  p 

30,869.7  cm  .  The  constants  of  CIO  In  the  excited  A 1  state,  found 
In  paper  [1428]  and  given  In  Table  37  are  accepted  for  the  Handbook. 

Since  in  paper  [1428]  only  the  progression  v"  =  0  was  observed, 
it  was  not  possible  to  determine  the  vibrational  constants  and  the  con¬ 
stant  dU  of  the  interaction  between  rotation  and  vibration  in  the 
ground  state.  The  values  accepted  in  the  Handbook  for  BQ  and  DQ  in  the 
state  .A  were  calculated  by  Durie  and  Ramsay  from  an  analysis  of  the 
band  12—0  which  is  not  overlapped  by  other  bands.  On  the  basis  of  a 
theoretical  analysis  and  the  data  obtained,  the  authors  of  paper  [1428] 

p 

came  to  the  conclusion  that  both  CIO  states  observed  are  n  rotational 
states;  they  also  determined  the  value  of  the  CIO  doublet  splitting 
constant  for  the  two  vibrational  levels  (v1  =  5  and  v*  =  10)  of  the 
upper  state.  The  constant  of  doublet  splitting  of  the  ground  state  could 
not  be  determined.  For  the  vibrational  constants  of  CIO  in  the  state 
A  the  values  suggested  by  Porter  were  accepted  in  the  Handbook.  The 
difference  between  the  values  of  AO >4%.  calculated  with  the  accepted 
constants  and  those  obtained  on  the  basis  of  Panr.etier's  and  Gay  don fs 
experimental  data,  does  not  exceed  ±20  cm”1,  a  value  that  lies  within 
the  limits  of  accuracy  of  the  CIO  band  edge  wave  numbers.  An  extrapola¬ 
tion  of  the  vibrational  levels  of  the  A  ,  tate  of  CIO  according  to 
these  constants  leads  to  a  dissociation  limit  which  is  in  satisfactory 
agreement  with  the  dissociation  energy  of  CIO  (see  p.  503).  The  values 
of  co  and  co  x  accepted  in  the  Handbook  for  CIO  in  the  X2n  state  amount 

C  C  C 

to  ±  15  and  ±2.5  cm  ,  respectively. 

C1F.  The  rotational  [1742]  and  the  vibration-rotation  [3073]  spec¬ 
tra  of  the  GIF  molecule  and  also  the  ’II,*  —  X*2  band  system  in  its 
electron  spectrum  [4127,  3660]  have  been  investigated  as  yet. 

The  first  investigations  of  the  spectrum  of  this  molecule  we re 
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made  by  Wahrhaftig  [4127]  who  determined  the  constants  of  C1F  in  be' a 
states,  on  the  basis  of  an  analysis  of  a  series  of  bands  {»'"<  1, 
of  the  system  *fl0i —  *2  .  But  the  values  found  for  the  yibrational  con¬ 
stants  do  not  yield  a  satisfactory  description  of  the  wave  numbers  for 
the  beginnings  of  the  bands,  given  in  paper  [4127];  the  calculated  val¬ 
ues  and  the  values  obtained  by  experl  nt  differ  by  several  hundred 
cm*"  .  Schumacher,  Schmitz  and  Brodersen  [3660]  investigated  the  IIq+  — 
—  X12+  band  system  anew  and  observed  transitions  from  the  three  ground 
state  levels  to  a  series  of  levels  of  the  higher  state,  up  to  v*  -  16. 

On  the  basis  of  the  data  obtained  the  authors  of  [3660]  determined  the 
vibratioal  constants  of  C1F  in  both  states  and,  with  the  help  of  a  short 
extrapolation,  they  obtained  the  dissociation  limit  of  the  state. 

The  values  of  the  vibrational  constants  of  the  ground  state  (coe  = 

=  787.5  cm"  and  “>ex€  =  7  cm  )  found  in  this  paper  cannot  be  considered 
as  sufficiently  exact  since  they  were  obtained  from  transitions  from 
the  three  low  vibrational  levels  of  the  ground  state. 

Nielsen  and  Jones  [30733  Investigated  the  Infrared  absorption 
spectrum  of  C1F  and  observed  the  fundamental  frequency  and  the  first 
harmonic  of  the  molecules  of  Cl^F  and  Cl^F.  On  the  basis  of  the  data 
obtained  the  [30733  determined  the  values  of  the  vibration  frequency 
and  the  constant  of  anharmonicity,  which  amounted  to  786.34  and  5.23  — 
cm"1,  respectively,  i. e. ,  they  were  similar  to  the  constants  found  in 
an  analysis  of  the  C1F  electron  spectrum  in  paper  [366v :  It  must  be 
mentioned  that  the  equation  for  the  band  edges  in  the  system  an0*  ~  KZ+  , 
in  which  the  ground  state  constants  were  taken  from  Nielsen  and  Jones 
[3073]  and  those  of  the  excited  state  from  Schumacher  et  al.  [3660], 
describes  the  frequencies  of  the  band  edges  for  v  <  9,  found  in  the  pa¬ 
pers  [4127,  3660],*  with  an  accuracy  of  ±3  cm"1. 

The  values  of  the  vibrational  constants  of  C1F  given  In  the  Hand- 
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were  taken  from  paper  [3660].  The  values  accepted  for  the  C1P  ground 
state  constants  give,  obviously,  a  sufficiently  exact  description  of 
the  energies  of  the  high  vibrational  levels  of  this  state.* 

The  rotational  constants  of  C1F  in  the  X^2+  state,  given  in  Table 
57,  were  obtained  on  the  basis  of  results  of  a  pricision  analysis  of 
the  micro-wave  spectrum  of  this  molecule,  carried  out  by  Gilbert,  Ro¬ 
berts  and  Grisword  [1742].  Similar  values  were  obtained  by  Wahrhaftig 
[41273  for  the  rotational  constants  of  C1P  in  the  X12+  state,  when  ana¬ 
lyzing  the  rotational  structure  of  the  bands  of  the  3n0+  —  *2*  system. 

_ 

The  rotational  constants  of  the  C1P  in  the  Jn0+  state  were  taken  from 
data  of  [4127]. 

It  must  be  mentioned  that  the  C1P  molecule,  just  as  the  molecules 
of  other  diatomic  Interhalogen  compounds  and  of  the  halogens  themselves, 
must  possess  several  electron  states  with  low  energies,  among  them  al¬ 
so  other  components  of  the  lower  excited  state  %.  The  main  part  of  these 
states  must  be  of  repulsive  nature.  Corresponding  experimental  data  for 
C1F  do  not  exist,  but  IC1  and  IBr  (see  Table  69),  apart  from  the  state 
possess  the  stable  states  %-j^  and  0h  with  low  excitation  energies. 
It  may  be  assumed  that  with  the  C1F  molecule  other  components  of  the 
low  3n  state  have  also  a  minimum  on  the  potential  energy  curves. 

ClOg.  Investigations  of  the  chlorine  dioxide  absorption  spectra 
[3078,  1166,  1167]  and  structure  studies  of  the  C102  molecule  by  means 
of  the  electron  diffraction  method  [1420,  3203,  9533  showed  that  in  the 
electron  ground  state  the  C102  molecule  has  a  symmetrical  nonlinear 
structure  (point  group  Cgy).  The  electron  spectrum  of  chlorine  dioxide, 

O 

positioned  in  the  range  2600-5200  A  and  connected  with  the  transition 
was  investigated  in  the  papers  [4040,  2491,  U65,  1166,  1167, 
1168,  1169].  A  more  detailed  examination  of  the  ClOg  electron  spectrum 
was  carried  out  by  Coon  and  Ortiz  [1165,  11 66,  1168,  1169]  who  took  the 
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spectra  with  the  help  of  an  apparatus  with  high  dispersion.  In  a  series 
of  hands  the  fine  structure  was  resolved,  individual  subbands  were  dis¬ 
criminated  and  the  isotope  effect  was  observed.  The  latter  fact  rendered 
it  essentially  easier  to  analyze  the  vibrational  structure  of  the  spec¬ 
trum. 

Studies  of  the  infrared  spectrum  of  this  molecule  are  useful  for 
a  successful  analysis  of  the  electron  spectrum  of  chlorine  dioxyde.  The 
first  infrared  spectra  of  chlorine  dioxide  were  obtained  by  Bayley  and 
Cassie  [611]  who  observed  four  bands  In  the  spectrum,  two  of  them  (95>4 
and  1105  cm-1)  were  interpreted  as  the  fundamental  frequencies  of  this 
molecule.  Ku  [2491],  simultaneously  with  the  electron  spectrum  of  CIO 2, 
studied  its  vibration- rotation  spectrum  in  the  range  of  2500-910  cm”1- 
(4-11  p)  and  found  three  bands  in  it  which  were  Identical  with  those  ob¬ 
served  in  paper  [611].  In  1951  the  Infrared  spectrum  of  chlorine  dioxide 
was  studied  by  Hedberg  [1980]  In  the  range  10,000  —  666  cm*"1  (from  1 
to  15  p).  Besides  the  bands  observed  in  [2491,  611].  Hedberg  obtained 
another  two  bands  which  he  Interpreted  as  3V3  and  2v^  +  v^. 

It  must  be  mentioned  that  in  the  papers  of  Bailey  and  Cassie,  Ku 
and  Hedberg  the  C102  bands,  connected  with  deformation  vibrations,  were 
not  observed. 

In  order  to  determine  the  frequencies  of  ClOg  deformation  vibra¬ 
tions  of  the  infrared  spectrum,  Nielsen  and  Woltz  [3078]  studied  again 
the  spectrum  of  chlorine  dioxide  in  the  range  5000  —  250  cm”1  (from  2 
to  40  p).  The  authors  of  the  latter  paper  determined  the  wave  numbers 

t 

of  the  edges  of  10  bands,  amoung  them  those  of  four  new  bands.  Including 
v2  =  445  cm”1,  and,  thanks  to  the  resolution  of  the  rotational  struc¬ 
ture,  they  improved  the  wave  numbers  and  v^  of  the  beginnings  of  the 
bands.  On  the  basis  of  the  data  they  obtained,  Nielsen  and  Woluz  found 
the  values  of  Xiu  xai,  xi a.  x«  -f  w®,  and,  assuming  the  value  Xg 2  = 
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a  0.8  cm”1  suggested  by  Coon  and  Ortiz  In  paper  [1168],  they  determined 
the  constants  x2g  and  to®. 

The  most  reliable  values  of  the  vibrational  constants  of  ClOg  were 
obtained  by  Coon  and  Ortiz  [11693  w he  analyzed  the  electron  absorption 
spectrum  of  C10g>  including  114  bands  which  were  attributed  to  17  pro¬ 
gressions,  and  determined  the  vibrational  constants  of  this  molecule  in 
the  excited  electron  state  as  well  as  the  constants  v  ,  v2,  x^,  x22  and 
x12  Of  the  ground  state.  On  the  basis  of  results  of  own  measurements  and 
data  obtained  by  Nielsen  and  Woltz  [3078  on  analyzing  the  infrared 
spectrum,  Coon  an<*  Ortiz  calculated  the  values  of  the  bibrational  con¬ 
stants  C102  given  in  Table  58  and  accepted  in  the  present  Handbook. 

The  Raman  spectrum  of  C102  in  solution  was  studied  in  a  paper  of 
Kujumzells  [2500]  who  obtained  =*  935  -  8  cm"*^,  a  value  that  agrees 
with  data  obtained  in  investigations  of  the  infrared  and  the  electron 
spectra  of  this  molecule. 

The  structural  parameters  of  the  C102  molecule  was  investigated 
by  the  method  of  electron  diffraction  in  the  papers  of  Brockway  [953] 

(Vq- 0=1.531)  ,  Pauling  and  Brockway  [3203](rcl_0  =  1.53  ±  0.02  A,  - 

Z0C10  =  137  ±  15°)  and  Dunitz  and  Hedberg  [1420] (rcl_0  =  1.491  ±  0,014 
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A,^i0C10.=  116.5  ±  2.5°).  In  the  latter  paper  the  electron  diffraction 
pictures  showed  seven  diffraction  bands;  for  their  interpretation  use 
was  made  of  both  the  method  of  successive  approximations  and  che  method 
of  radial  distribution  (after  Schomaker). 

In  investigations  of  the  electron  and  infrared  spectra  of  C102  in 
the  papers  [1166,  3078]  the  rotational  band  structure  of  this  molecule 
was  partly  resolved.  As  a  result  of  analyzing  the  structure  of  five 
bands,  Coon  [1166]  determined  the  quantities  B",  (&A  —  &B)  and  AB’  and 
with  rct-o  —  1.53A  ,  taken  from  data  of  [953 1  >  he  found  for  the  ground 
stat^OClO  =  109  ±  3°,  and  for  the  excited  state  rct-o  =  l,805-r-0,05  A  and 
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^OCIO  =  92;f60  .  After  the  publication  of  the  paper  of  Dunitz  and 

Hedberg  [1420],  Coon  [1167]  processed  again  the  experimental  data  ob¬ 
tained  in  paper  [1166]  and  obtained  for  the  ground  state  rcl_0  =  1.484a, 
£0C10  =  115°. 3,  and  for  the  excited  state  rcl_0  =  1.648  A,  ^OCIO  =  104°. 
TABLE  58 

Values  Accepted  for  the  Molecular  Constants  of  C102  (a  =  2). 


l)  State;  2)  cri"1;  3)  (g-cm'")^. 


On  the  basis  of  an  analysis  of  the  rotational  structure  of  the  Qr 
branch  of  the  Vj  -band,  Nielsen  and  Woltz  [3078]  determined  the  quan¬ 
tity  (A000  -  B000)  of  the  C102  ground  state.  Using  the  data  obtained 
by  Dunitz  and  Hedberg  and  the  results  of  own  measurements  Nielsen  and 
Woltz  obtained  the  following  values  for  the  structural  parameters  of 
ClOgi  ra_o=l,49A  and  ^/OCIO  =  il8°,5  .  The  product  of  the  prin- 

p 

cipal  moments  of  inertia  of  C102  in  the  B^  -state,  given  in  Table  58, 

p 

were  calculated  from  these  quantities,  those  for  the  A2  -state  with 
the  values  of  rcl_Q  and^OClO,  obtained  by  Coon  [1167]. 

ClgO.  The  ClgO  molecule  has  a  nonlinear  symmetrical  structure 
(point  group  of  symmetry  C2v). 

The  infrared  spectrum  of  chlorine  monoxide  was  studied  for  the 
first  time  by  Bailey  and  Cassie  [615].  In  the  range  from  10,000  to 
555  cm  ^  (from  1  to  18  p,)  the  authors  of  [615]  observed  four  bands: 

640,  973 »  1245  and  1311  cm-"1';  adjacent  to  the  most  longwave  band  there 
is  still  another  band  of  about  680  cm-1  which  was  attributed  to  the  C02 
molecule.  On  the  basis  of  investigations  of  the  intensity  and  the 


structure  of  the  ob'  ;rved  bands,  Bailey  and  Cassie  identified  the 
bands  of  973*  1245  and  640  cm”1  with  the  fundamental  frequencies 

and  v2  of  the  ClgO  molecule;  the  fourth  band,  of  1311  cm""1,  was  iden¬ 
tified  as  pertaining  to  the  frequency  2Vg.  The  authors  of  paper  [615] 
noted  that  the  band  640  cm”1  could  not  be  identified  unambiguously  but 
bhat  it  might  be  the  first  harmonic  of  vg  vibration. 

In  a  brief  note  [2058]  Hettner,  Pohlman  a».d  Schumacher  focused 
their  attention  to  the  fact  that  the  band  in  the  680-cm”1  range,  attri¬ 
buted  by  Bailey  and  Cassie  to  the  COg  molecule,  must  in  fact  belong  to 
the  ClgO  molecule  since  in  the  investigated  spectrum  no  other  intense 
band  (  )  of  carbon  dioxide  could  be  observed  so  that  fc  is  rather 

improbable  that  COg  is  present  as  an  impurity.  This  is  verifi'1  by  cal¬ 
culations  of  Sutherland  and  Penney  [3906]  who  showed  that  the  frequency 
relation  of  ClgO  accepted  in  the  paper  of  Bailey  and  Cassie  [615]  leads 
to  too  high  values  of  the  force  constants.  Assuming  that  the  680-cnT1 
band  belongs  to  the  ClgO  molecule,  Sutherland  and  Penney  interpreted  it 
as  the  fundamental  frequency  of  the  symmetric  valency  vibration  (  Vg  ) 
and  the  640-cm”1  band  as  the  first  harmonic  of  the  frequency  Vg,  to 
which  they  attributed  an  amount  of  about  330  cm”1.  The  three  residual 
bands,  observed  by  Bailey  and  Cassie,  were  interpreted  by  the  authors 
of  [3906]  as  v, (973 or1),  v.  -f-  v,  (,*.'45 cm'1)  and  2  vi  (1331  cm-1).  The  ClgO 
frequency  relation  suggested  by  Sutherland  and  Penney  wa3  used  in  Herz~ 
berg's  monograph  [152].  It  must  be  noted  that  the  Raman  spectrum  of 
ClgO  was  not  studied  and  this  makes  it  much  more  difficult  to  attribute 
the  frequencies,  observed  in  the  infrared  spectrum. 

Hedberg  [1980],  studying  the  H0C1  spectrum,  found  that  the  v0 
band  of  this  molecule  lies  in  the  range  of  1242  cm”1.  Analyzing  the  H0C1 
spectrum  in  this  range,  Hedberg  decided  that  the  band  of  1245  cm”1,  pro- 
vi'  .sly  observed  by  Bailey  and  Cassie,  must  belong  to  the  H0C1  molecule, 
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produced  in  an  interaction  between  ClgO  and  water  impurities. 

On  the  basis  of  an  investigation  of  the  ClgO  spectrum  in  the 
range  660-10,000  cm"*  (from  1  to  15  p,)  Hedberg  [1980]  recommends  the 
values  of  the  fundamental  frequencies  given  in  Table  59.  Just  as  in 
the  preceding  paper  by  Bailey  and  Cassie  [6153,  in  Hedberg’ s  paper  the 
frequency  Vg  was  not  observed  and  its  amount  was  estimated,  assuming 
640  cm"1  for  the  harmonic  2Vg. 

The  frequencv  values  recommended  by  Hedberg  wore  accepted  for  the 
Ha/idbookj  the  error  of  the  value  taken  for  Vg  cannot  be  established  at 
present.  If  in  the  papers  [3906,  1980]  a  correct  relation  i3  given 
for  the  640  cm"1  band,  this  error  does  not  exceed  10-20  cm"1,  if  It  Is 
not  correct,  the  error  may  be  considerably  higher. 

The  structural  parameters  of  the  ClgO  molecule  were  determined 
in  [3907»  3203,  1420],  by  the  method  of  electron  diffraction.  In  the 
latter  paper  Dunitz  and  Hedberg,  as  a  result  of  analyzing  electron 
diffraction  pictures  containing  13  diffraction  rings  by  the  methods  of 
radial  distribution  and  successive  approximations,  obtained  the  values 
rci-o  -  1.701^0.02  A  and  ^/ClOCl  =  110,8+l°.0t  which  are  in  good  agreement 
with  the  preceding  less  accurate  Investigations.  The  product  of  the 
principal  moments  of  inertia  of  ClgO,  given  in  Table  59,  were  calculate! 
for  ret— o  =  1,701  A  and  /.ClGCl  =  110°,8. 

After  the  work  on  the  material  of  the  present  chapter  had  been 
finished,  the  authors  of  the  Handbook  came  to  knew  the  paper  of  Jack- 
son  and  Millen  [2197]  who  Investigated  the  microwave  spectrum  of  ClgO 
and  determined  the  values  of  the  rotational  constants  of  this  molecule: 
A000  =  1,4025,  B000  =  0,1228  and  C0(X)  «  C.1127  cm"1.  To  these  rota- 

p  O 

tional  constants  corresponds  a  value  of  1*IbIc  **  1129,8'l<rMT  (g*cm  )  , 
rci-o  =  1.70A  *nd‘^QOCl  =  H0°which  is  in  good  agreement  with  the  values  ac¬ 
cepted  in  the  Handbook. 


H0C1.  The  spectrum  of  the  HOC1  molecule  was  only  studied  in  a 
single  paper,  published  by  Hedberg  ;.nd  Badger  [1981].  These  authors 
Investigated  the  infrared  absorption  spectrum  of  gaseous  H0C1  in  the 
range  7143  —  714  cm*"'1  (1.4  —  14  m>)  and  observed  three  fundamental  fre¬ 
quencies  and  the  harmonic  2v^,  which  were  also  obtained  with  a  high- 
dispersion  apparatus.  On  the  basis  of  the  observed  intervals  of  fine 
structure  of  the  2v^  band,  Hedberg  and  Badger*  found  A" — (5' -f  C")  - 
=  19*97  cm"1  and  —  =  0.48  cm”1.  Assuming  that  in  the  H0C1  mole- 

cule  the  length  of  the  bond  0  —  H  is  equal  tc  0. 967  A  (as  in  H^O)  and 

c 

the  length  of  the  Cl  —  0  bond  is  equal  to  I.70  A  (as  in  ClgO)  and  cal¬ 
culating  the  experimental  values  for  a _ y(B  +  C)  and  i(B  +  C)  for 

different  values  of  the  angle  in  H  —  0  —  Cl,  the  authors  of  paper  [1981] 
came  to  the  conclusion  that  the  agreement  is  best  with  an  angle  of  113°. 
TABLE  59 

Values  Accepted  for  the  Molecular  Constants 
of  C120  and  H0C1 


ttoawyju 

1 

* 

.  * 

- 

tAtB,C 

1 

• 

2  CK-* 

10-*»  U-CM-t’ 

ClsO 

683 

320 

sss 

1170 

2 

hoq 

1242 

739 

3626 

4,4 

1 

— P  ^ 

l)  Molecule;  2)cm~x;  3)  (g-cm  )  . 


A  comparison  wi  1  the  valency  angle  of  oxygen  in  other  molecules 
of  the  type  X¥2  compels  us  to  assume  that  this  value  is  too  high.  A 
recalculation  of  the  quantities  A — v(®  +  Omd  jf(£  +  C),  carried  out 
by  Gurvich  and  Novikov  [176]  for  different  values  of  the  angle  between 
the  bonds  and  the  lengths  of  the  bonds  of  0  —  H  and  Cl  —  0  showed  that 
agreement  is  best  with  an  angle  of  104  ±3°  ana  the  same  values  of 

rCl-0  an<*  r0-H  as  used  in  paper  [1981]. 
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Table  59  gives  the  values  of  the  fundamental  frequencies  of 
H0C1  obtained  from  data  of  [198l]  and  the  product  of  the  principal 
moments  of  inertia  calculated  for  an  angle  of  104°,  rcl_Q  *  1*70  and 

O 

r0-H  =  0*967  A.  The  error  of  the  accepted  structural  parameters  of  the 

O 

H0C1  molecule  may  reach  ±3°,  ±0.05  and  ±0.01  A,  respectively. 

§37.  THE  THERMODYNAMIC  FUNCTIONS  OF  GASES 

The  thermodynamic  functions  of  chlorine  and  its  compounds,  con¬ 
sidered  in  the  present  chapter,  were  calculated  for  the  temperatures 
from  293.15  to  6000°K,  without  taking  the  intermolecular  interaction 
into  account,  and  are  given  in  Tables  47-52,  56  and  57  of  Vol.  II  of 
the  Handbook.  In  view  of  the  insufficient  accuracy  of  the  data  on  the 
molecular  constants  of  a  series  of  chlorine  compounds,  the  differences 
between  the  constants  of  the  individual  Isotope  modifications  were  Ig¬ 
nored  in  calculating  their  thermodynamic  functions  (with  the  exception 
of  Cl2  and  C1F).  Owing  to  the  absence  of  data  on  the  constants  of  the 
intermolecular  potential  cf  chlorine  and  Its  compounds,  the  present  Hand¬ 
book  does  not  give  any  Information  on  the  virial  coefficients  of  the 
corresponding  gases. 

Cl.  The  electron  components  of  the  thermodynamic  functions  of  mon¬ 
atomic  chlorine  was  calculated  with  the  help  of  Eqs.  (11.20),  (11.21) 
and  the  constants  compiled  in  Table  56.  The  progressive  components  were 
calculated  from  the  relations  (II. 8),  (II. 9)  with  the  values  A^  =  3,3532 
and  A„  =  8.3214  cal/g~atom«deg. 

The  errors  cf  the  calculated  values  of  thermodynamic  functions  are 
mainly  due  to  inaccuracies  of  the  physical  constants  and  do  not  exceed 
0.005  oal/g-atom»deg. 

The  thermodynamic  functions  of  monatomic  chlorine,  calculated  pre¬ 
viously  In  the  papers  [112,  3314,  1718,  2142,  1514,  3680,  3426,  2462] 
and  in  the  first  edition  of  the  present  Handbook,  for  various  temperature 
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intervals  up  to  6000°K  [2142]  and  8000°K  [2462],  coincide  with  those 
given  in  Table  47  (II),  within  the  limits  of  0.001  to  0.002  cal/g-atom* 
deg.  In  Zeise’s  book  [4384]  thermodynamic  functions  are  given  for  Cl 
which  were  calculated  in  paper  [1718];  in  the  Handbook  by  Stull  and 
Sinke  [3894]  and  the  3rd  series  of  the  NBS  Handbook  [3680]  data  are 
given  which  are  borrowed  from  [1514]. 

Cl**.  The  progressive  components  of  the  thermodynamic  functions  of 
negatively  charged  monatomic  chlorine  are  calculated  with  the  same  re¬ 
lationships  as  in  the  case  of  monatomic  neutral  chlorine.  The  electron 
components  of  the  thermodynamic  functions  of  Cl“  are  equal  to  zero 
since  the  Cl**  ion  (see  p.  473)  has  no  stable  excited  electron  states, 
its  ground  state  being  a  ^S-state. 

The  divergence  between  the  values  of  the  thermodynamic  functions 
of  Cl*",  given  in  the  first  Edition  of  the  Handbook  and  in  the  present 
one  (about  0.002  cal/g-atom«deg) ,  is  different  physical  constants  used 
in  the  calculations.  Other  calculations  of  the  thermodynamic  functions 
of  negatively  charged  mcnatomic  chlorine  are  not  known  in  literature. 

Clg.  The  thermodynamic  functions  of  diatomic  chlorine,  given  in 
Table  49  (H)  were  calculated  from  Eqs.  (II.161)  and  (II.  162).  The  val¬ 
ues  of  ln2  and  T^-lnS  of  these  equations  were  calculated  according  to 
a  method  developed  by  Gordon  and  Barnes  [relations  (11.137),  (11.138)] 
for  an  equilibrium  mixture  of  chlorine  isotopes.  The  calculation  was 
made  with  averaged  values  of  the  molecular  constants  of  Clg  found  on 
the  basis  of  the  above  constants  of  the  Cl|^  molecule,  from  Eq.  (1.43). 
In  Table  60  the  values  of  and  Cg  are  compiled  for  the  calculation  of 
the  components  of  progressive  motion  and  rigid  rotators,  6  and  x  are 
used  for  tables  of  the  anharmonic  oscillator  and  the  coefficients  in 
Eqs.  (11.13?)  and  (11.133). 

The  Clg  molecule  has  a  comparatively  low  dissociation  energy  so 
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that,  when  calculating  the  thermodynamic  functions  of  chlorine  at  high 
temperatures,  by  means  of  approximation  methods,  it  is  necessary  to 
take  into  account  the  finite  number  of  discrete  rotational  states 
the  p\s  molecules.  The  respects*  corrections  were  calculated 
Eqs.  (II. 59) j  (II.60);  they  become  essential  at  temperatures  from  2500 
to  3000 °K  and  up  to  6000°K  they  reach  values  of  the  order  of  0. 15  and 
0.7  cal/mole«deg  for  $>£  and  S^,  respectively. 

In  §36  It  has  been  mentioned  that  the  chlorine  molecule  has  a 
great  number  of  excited  electron  states  with  low  energies;  all  these 
states,  however,  are  repulsive  and  need  not  be  taken  into  account  in 
calculations  of  the  thermodynamic  functions,  with  the  exception  of  the 

%  state.  A  consideration  of  this  state  in  the  values  of  the  thermo- 

u 

dynamic  functions  of  chlorine  is  rendered  difficult  by  the  fact  that 
there  are  no  reliable  data  on  the  stability  of  the  states  3nZu 

and  3n0  and  the  low  dissociation  energy  of  Cl«  In  the  3n0-,  which 

causes  considerable  errors  in  the  calculations  of  the  components  of 

3flu  -states  by  approximation  methods.  It  is  not  Justified  to  calculate 

the  components  of  the  3flQ-  state  directly  by  sunmatlon  over  the  energy 

u 

levels  since  there  are  no  reliable  data  available  on  the  rotational 
constants  of  Clg  in  this  state. 

In  the  present  Handbook  the  components  of  the  IIU  -state  of  the 

values  of  and  were  calculated  by  the  simplest  method  (Eqs.  (11.120), 

(11.121)),  the  statistical  weight  was  assumed  to  be  equal  to  6  under  the 

supposition  that  the  four  states9^4*  «"><  3IU-  are  all  stable  (see 

*  uu 

p.  476).  It  Is  obvious  that  It  is  senseless  to  take  into  account  the 
differences  of  the  excitation  energies  of  these  states,  as  this  was  done 
in  paper  [3314],  if  there  are  no  reliable  data  on  the  stability  of  the 
states  3H0+,  3n.ju  and  3n2,,. 
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At  low  temperatures  the  error  of  the  calculated  values  of  the 
thermodynamic  functions  of  diatomic  chlorine  i£  determined  by  the  in¬ 
accuracy  of  the  values  of  the  physical  constants  and  the  rotational 
constant  Clp  in  the  -state  used  in  the  calculations;  it  does  not 
exceed  0.01  cal/feole»deg.  At  high  temperatures  (above  2000  —  3000°K) 
the  error  due  to  the  approximate  accounting  for  the  components  of  the 
-state  become  essential.  The  total  errors  of  the  values  of  ^000 
and  SJqqq  were  estimated  as  0.03  and  0.2  cal/foole.deg,  respectively. 

The  thermodynamic  functions  of  Clg  were  previously  calculated  in 
a  series  of  papers,  among  which  we  have  to  note  the  paper  of  Giauque 
and  coworkers  U718,  37061  (T  <  3000°  K  ,  the  method  of  Giauque  and  Over- 
street),  Miff,  Gordon  and  Morrel  [2142]  (T  <  6000°K),  Butkov  [112], 

Kelley  [2363]  (T  <  3000°  Kj  ,  Ribuad  [3426]  (T  <  3000°K),  Evans 
et  al.  [1514]  (T  <  3000°  K)  and  Potter  [3314]  (7*<  5000°  K)  .  At  tempera¬ 
tures  up  3000°K  the  results  of  all  these  calculations  are  in  satis¬ 
factory  agreement  among  each  other  and  with  the  values  of  the  thermo¬ 
dynamic  functions  given  in  the  present  Handbook  (with  the  exception  of 
the  data  from  [112,  2142],  calculated  in  the  approximation  of  the  model 
of  rigid  rotator  •-  harmonic  oscillator).  The  divergences  observed  at 
higher  temperatures  are  mainly  due  to  differences  in  the  methods  of 
calculation  applied.  In  particular  the  results  of  calculations  by  Pot¬ 
ter  [3314]  differ  from  those  given  in  the  Handbook  by  O.O38  (0.103) 
and  0.113  (0.305)  cal/taole*deg,  for  the  values  of  (SJUo)  and 
4>mm(Smoo)  »  respectively.  It  must  be  noted  that  in  paper  [3314]  a 

a  statistical  weight  of  5  was  attributed  tc  the  -state  (the  ^nQ- 

.  u 

state  is  assumed  to  be  repulsive  state)  while  for  the  mol  alar  constants 
of  Clg  in  this  state  incorrect  values  were  used  as  are  given  in  Herz- 
berg’s  monograph  (see  first  footnote  to  page  478). 
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In  Seise* s  book  [4384]  results  of  calculations  by  Giauque  are 
given  for  the  thermodynamic  functions  of  Clg*  in  the  handbooks  [3680] 
and  [38 94]  it  is  data  from  paper  [1514].  Differences  between  the  val¬ 
ues  of  the  thermodynamic  functions  of  Gig  given  in  the  first  ana  in 
the  present  editions  of  the  Handbook  are  caused  by  the  fact  that  in 
the  first  edition  the  calcula.-ons  were  made  without  corrections  for 
the  limited  summation  over  J. 

C1P.  The  thermodynamic  functions  of  chlorine  monofluoride,  given 
in  Table  57  (II),  were  calculated  from  Eqs.  (II.l6l),  (11.162).  The 
values  of  In  2  and  T ~  In  2  were  calculated  by  the  Gordon-Barnes  me¬ 
thod  [Sqo.  (11.137),  (11.138)]  for  a  C135P  and  C137P  isotope  mixture 
in  equilibrium.  The  calculation  was  made  with  averaged  values  of  the 
molecular  constants  of  C1P,  computed  from  the  relations  (1.43)  on  the 
basis  of  quantities  given  in  Table  57.  In  Table  60  the  values  of  the 
quantities  and  Cs  are  compiled  for  the  calculation  of  the  progres¬ 
sive  motion  components,  9  and  x  are  given  to  permit  interpolation  ac¬ 
cording  to  anharmonic  oscillator  tables  and  tables  of  the  coefficients 
of  Eqs.  (11.137)  (II. 13?)>  calculated  from  mean  values  of  the  C1P 
molecular  constants.  The  C1P  molecule  has  a  comparatively  loiv  dissocia¬ 
tion  energy  so  that,  when  calculating  the  thermodynamic  functions  of 
chlorine  monofluoride  by  an  approximation  method,  it  Is  necessary  to 
introduce  corrections  for  the  limited  number  of  rotational  energy  lev¬ 
els  In  the  X^^-state.  The  corresponding  corrections  were  calculated 
from  Eqs.  (11.59),  (II. 60). 

The  components  of  the  excited  electron  state  3H  of  the  C1F  mole¬ 
cule  were  calculated  from  Eqs.  (II. 120),  (11.121),  i.e. ,  without  al¬ 
lowing  for  the  difference  of  the  constats  of  this  molecule  in  the  ground 
state  and  in  the  excited  states,  assuming  that  the  statistical  weight 
of  the  state  Is  equal  to  6  and  the  excitation  energy  is  equal  to  the 
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TABLE  60 

Vilues  of  the  Constants  in  the  Ponnulas  sed  to  Calculate  the  Thermo- 
Dynamic  functions  of  Clg,  CIO  and  C1P 


&  '  -  •  A 

Bteiccno 

jr-10* 

fc-10* 

fc*l0« 

<7o 

T  ~ 

do-104 

T 

L  1  5  tpcd  2 

3  •  tpad 

-I 

“  KOA/MO.lb-epcd  | 

\  * 

|  Cl,  i  807,14 
|  CIO  I  1248.9 
|  OF  I  1130,3 

8.9519 

8,6406 

8,8672 

0,7095 

1,0739 

0,8454 

* 

0,52 

1,15 

0,71 

2,90197 

1,08176 

1,35788 

4,29 

7,41 

4,68 

6,1592 

7,3745 

5,2403 

13,1147 

14,3300 

12,1958 

1)  Substance;  2)  degree;  3)  degree"1;  4)  cal/mole«degree 


energy  of  the  ^nQ+  -state.  It  is  not  .justified  to  apply  a  more  accurate 

method  to  calculate  these  components  since  some  substances  may  be  states 

of  the  repulsive  type  and  the  excitation  energy  of  stable  substates  may 

•a 

differ  considerably  from  the  quantity  Te  of  the  ^nQ+  -state. 

The  main  errors  of  the  calculated  values  of  the  thermodynamic 
functions  of  C1P  are  due  to  the  fact  that  it  is  impossible  to  accurately 
take  into  account  the  components  of  the  excited  states  of  the  C1P  mole¬ 
cule,  because  of  the  absence  of  the  corresponding  experimental  data.  ' 

At  temperatures  up  to  3000°K  the  total  error  of  the  values  of  Il£,  giver- 
in  Table  57  (XI )  does  not  exceed  0.01-0.02  ca" /mole* deg,  at  6000 °K  it 
may  reach  a  value  of  the  order  of  0.2  cal/mole«deg  for  the  value  of 

Previously  the  thewnodynamic  functions  of  GIF  were  calculated  in 
the  papers  of  Cole  and  Elverum  [1148]  (T  ^  2000 °K),  Potter  [3312]  (T  < 
1500 °K),  Ward  and  Hussey  [41493  (2000°<7<5000  °K)  ,  Evans  et  al.  [1514] 

(T  £  1500°K),  Huff  et  al.  [2142]  (T  ^  6000°K)  and  Potter  [3314]  (T  < 

£  5000°K).  In  all  these  papers,  with  the  exception  of  Potter's  first. 
[33123,  the  calculations  were  made  with  the  vibrational  constants  of 
C1F  found  by  Nielsen  and  Jones  [3073]*  In  the  papers  [1148,  1514,  3312, 
333  .]  the  calculations  were  made  according  to  the  method  of  Mayer  and 
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and  Goppert-M  .yer,  while  in  papers  [4149,  2142]  the  approximation  of 
the  rigid  rotator  -harmonic  oscillator  model  was  used.  The  most  accu¬ 
rate  values  of  the  thermodynamic  functions  of  C1F  in  a  wide  temperature 
interval  were  obtained  by  Potter  [3314].  The  differences  between  the 
values  of  the  C1P  thermodynamic  functions  obtained  by  Potter  and  those 
given  in  the  Handbook  grow  with  the  temperature  but  do  not  exceed  0.1 
cal/mole«deg  for  the  values  of  4>jp.  These  differences  are  caused  by  the 

different  values  of  the  vibrational  constants  of  GIF  used  in. the  cal¬ 
's 

culations  in  the  statistical  weights  attributed  to  the  Jn  -state*  and 
the  fact  that  different  methods  of  calculation  were  applied. 

In  the  Handbook  of  US  NBS  [3680]  the  thermodynarlc  functions 
given  for  C1F  were  calculated  in  paper  [1514] j  Zeise’s  book  [4384] 
gives  data  from  [3312,  1148]. 

The  differences  between  the  values  of  the  thermodynamic  functions 
of  C1F  given  in  the  first  edition  of  the  Handbook  and  in  the  present 
one  are  explained  by  the  fact  that  in  the  first  edition  the  calcula¬ 
tion  was  made  with  vibrational  constants  as  found  in  paper  [3073]  with¬ 
out  corrections  allowing  for  the  necessity  of  a  limitation  of  the  num¬ 
ber  of  rotational  levels  of  the  ground  state. 

CIO.  The  thermodynamic  functions  of  CIO,  given  in  Table  50  (II), 
were  calculated  from  Eqs.  (II. l6l)  and  (11.162).  The  values  of  In  Z 
and  rlnl  in  these  equations  were  calculated  with  the  help  of  the 
Gordon-Barnes  method  on  the  basis  of  constants  given  in  §36.  Table  60 
shows  the  values  of  C®,  Cs.O.'x  and  the  coefficients  of  Eqs.  (11.137), 

(11.138)  calculated  according  to  these  constants.  The  values  of  and 

2 

Cs  contain  the  R  In  4  -terms  since  the  CIO  molecule  has  a  n  ground 
state  and  the  spin-orbital  coupling  constant  is  unknown  [InA  and  T^jrlnA 

in  Eqs.  (II. l6l)  and  (11.162)  were  assumed  to  be  equal  to  zero].  The 
components  of  the  exoited  electron  state  were  calculated  without  taking 


taking  into  account  the  differences  between  the  constants  of  CIO  in 
the  states  A  and  A2n  [Eqs.  (II.  .120),  (11.121)]. 

The  main  error  of  the  calculated  values^o£^the  tnermodynamie 
functions  of  CIO  at  low  temperatures  J^due  to  the  absence  of  data  on 
the  constants  of  spin-orbital coupling  in  the  X2H  -state.  On  the  basis 

p 

cf  a  comparison  with  other  gases  having  molecules  with  a  n  -type 
ground  state,  it  can  be  assumed  that  the  error  of  the  value  of  $298  15 
is  of  the  order  of  0.7  —  0.8  cal/teole«deg.  The  error  due  to  the  inac¬ 
curacy  of  the  values  taken  for  the  vibrational  constants  of  CIO  (see 
p.  48l)  amounts  to  about  0.01,  0.06  and  0.13  oal/mole*deg  for  the  val- 

ues  of  $298  15'  an<*  ^3000  and  $6000  and  those  due  to  the  absence  of 
experimental  data  on  the  value  of  the  constant  of  Interaction  be¬ 
tween  rotation  and  vibration  amount  to  0.01  and  0.5  cal,  vole«deg  for 

*  * 

^3000  and  ^OOO'  respectively.  At  high  temperatures,  when  the  error 
caused  by  the  approximate  accounting  for  the  multiplet  nature  of  the 
A  state  Is  small,  the  main  inaccuracy  of  the  calculated  values  of  the 
thermodynamic  functions  of  CIO  is  caused  by  the  fact  that  in  the  calcu¬ 
lations  it  was  not  allowed  for  the  necessity  of  limiting  the  number  of 
rotational  levels  of  the  gas  molecule  and  also  by  the  Insufficient  ac¬ 
curacy  of  the  vibrational  constants  accepted  for  the  A  -state.  The 

*  * 

total  error  of  the  values  $g000  and  ^5000  was  es^imated  to  amount  to 
0.2  and  0.5  cal/mole»deg,  respectively. 

The  differences  between  the  values  of  the  thermodynamic  functions 
of  CIO,  given  in  the  first  and  in  the  present  editions  of  the  Handbook 
are  due  to  differences  of  the  rotational  constants  used  in  the  calcula¬ 
tions  and  the  consideration  of  rotation-vibration  interaction  and  of 
the  centrifugal  distortion  of  the  CIO  molecule  in  the  present  edition. 
At  6000°  they  amount  to  0.1  and  0.5  cal/mole»deg  for  the  values  of 

nd  Sj,  respectively.  Other  calculations  of  thermodynamic  functions 


of  CIO  are  unknown  in  literature 


ClOg.  The  thermodynamic  functions  of  chlorine  dioxide,  given  in 
Table  51  (II)  were  calculated  in  the  approximation  of  the  model  of  rig¬ 
id  rotator  -anharmonic  oscillator,  with  the  molecular  constants  given 
in  the  preceding  paragraph.  The  anharmonicity  of  vibrations  of  the  C102 

molecule  is  taken  into  account  according  to  Gordon’s  method  (see  p.  199). 
-  1  1 

In  Table  61  the  values  of  and  Cg  are  compiled  for  the  calculation 

of  the  components  of  progressive  motion  and  rigid  rotator  and  the  values 

of  0  and  x  are  given  in  order  to  interpolate  according  to  tables  of  the 

o 

anharmonic  oscillator.  The  multiplet  nature  of  the  ground  state  of 
the  ClOg  molecule  was  allowed  for  by  Introducing  the  term  R  In  2  into 

t  «  2 

the  constants  and  Cg.  The  components  of  the  excited  Ag  -state  were 

calculated  from  Eqs.  (11.120),  (II.  121),  i.e.,  without  accounting  for 

2 

the  difference  of  the  molecular  constants  of  ClOg  in  the  states  £-, 

2 

and  Ag. 

The  main  errors  of  the  calculated  values  of  the  thermodynamic 
functions  of  chlorine  dioxide  at  low  temperatures  are  due  to  the  In¬ 
accuracy  of  the  values  of  structural  parameters  of  the  ClOg  molecule 

used  in  the  calculation  and  also  to  the  absence  of  data  on  the  con- 

2 

stant  of  spin-orbital  coupling  in  the  -state;  at  high  temperatures 
they  are  due  to  the  absence  of  data  on  the  absence  of  data  on  the  con¬ 
stants  of  interaction  and  of  centrifugal  distortion  and  to  the  applica¬ 
tion  of  an  approximation  method  of  calculation,  in  particular  to  the 

* 

approximate  consideration  of  the  excited  state.  The  errors  of  $298  15 
^3000  and  ^6000  *iave  values  the  order  of  0.1,  0.2  and  0.4  cal/mole* 
deg. 

The  thermodynamic  functions  of  ClOg  were  previously  calculated  In 
the  US  NBS  [1514,  3680]  (T  ^  1500°K).  Differences  between  the  results 
of  these  calculations  and  the  values  given  in  Table  51  (II)  amount  to 
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1.37  —  1.45  cal/mole«deg  and  are  obviously  due  to  the  fact  that  in 
papers  [1514,  3680]  the  multiplet  nature  of  electron  ground  state  of 
ClOg  was  not  taken  into  account. 

ClgO.  The  thermodynamic  functions  of  chlorir.2  monoxide,  given  in 
Table  52  (II)  were  calculated  from  Eqs.  (11.243)  and  (11.244)  in  the 
approximation  of  the  rigid  rotator  -harmonic  oscillator  model  with  the 
constants  given  in  Table  59.  In  Table  6l  the  values  -»f  and  Cg  are 
TABLE  6l 

,ralues  of  the  Constants  Used  for  Calculating 
s.e  Thermodynamic  Functions  of  C10o,  Clo0  and 
Cl.  d  d 


1 

Bmmn® 

•< 

9. 

8. 

c '♦ 

<?S 

— 

2  mnaH 
ZpimJ 

3  KOA/MOM-tpad 

CIO,* 

1372,8 

643,72 

1603,5 

7,21(6 

15,1596 

cw> 

969.89 

460,41 

1394,2 

8,6531 

16,6022 

hoq 

1063 

1787 

5217 

2,9784 

10.9275 

l)  Substance;  2)  degree;  3)  cal/mole«deg. 
a)  xx  ■  4.6ll7*10~3,  x2  =  0,  x3  =  1.7945*10“:>. 


given  f jr  the  calculation  of  the  components  of  the  rigid  rotator  and 
the  progressive  motion,  as  well  as  the  values  of  6  which  were  used  to 
obtain  the  vibrational  components. 

The  main  error  of  the  calculated  values  of  the  thermodynamic  func¬ 
tions  of  C120  is  determined  by  the  inaccuracy  of  the  vibrational  con¬ 
stants  of  the  ClgO  molecule  known  at  present  and  also  by  the  application 

of  an  approximation  method  of  calculation.  The  total  error  of  the  val- 

*  * 

ues  of  $298  15*  ^3000  cn<a  $6000  is  of  order  of  0.1,  1-0  and  1.5 
cal/mole»deg,  respectively,* 

Previously  the  thermodynamic  functions  of  chlorine  monoxide  were 
calculated  in  Luffs  paper  [2676]  and  in  he  US  NBS  [1514].  The  dif¬ 
ferences  between  the  results  of  these  calculations  and  the  data  given 
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in  Table  52  (II )  amount  to  0.02  -0.05  cal/mole*deg. 

H0C1.  The  thermodynamic  functions  of  H0C1  given  in  Table  5 6  (II) 
were  calculated  in  the  approximation  of  the  model  of  rigid  rotator  -har¬ 
monic  oscillator  with  the  constants  given  in  §  36.  Table  6l  contains 
the  values  of  and  Cg,  entering  Eqs.  (11.243)  (11.244)  and  the  val¬ 
ues  of  6  which  are  applied  in  order  to  calculate  the  vibrational  con¬ 
stants.  The  main  error  of  the  calculated  values  of  the  thermodynamic 
functions  is  due  to  the  Inaccuracy  of  the  vibration  frequencies  (the 
known  fundamental  frequencies)  used  in  the  calculations  and  that  of  the 
product  of  moments  of  inertia  (up  to  0. 9  cal/mole»deg  for  and  S^) 
and  also  to  the  absence  of  constants  necessary  to  allow  for  the  an- 
harmonieity  of  the  vibrations,  the  centrifugal  distortion  and  the  inter¬ 
action  between  rotation  and  vibration  of  the  H0C1  molecule  (up  to  0.4 

cal/mole«deg  with  *3000*  The  tofcal  error  of  the  values  of  ^298  15' 

#  * 

$3000  an<3  ^6000  was  estimated  as  0-2,  0.5  and  2  cal/mole*deg,  respective¬ 
ly. 

The  thermodynamic  functions  were  previously  calculated  by  Luft 
[2676]  for  temperatures  up  to  1500®K.  Since  In  this  paper  an  incorrect 
value  of  the  angle  in  H0C1  was  used,  the  results  of  the  calculations 
differ  by  a  value  of  about  0.1  cal/nole«deg. 

§38.  THEEMODYNAMIC  QUANTITIES 

The  standard  state  of  chlorine  is  Clg  (gas). 

Cl  (gas).  The  heat  of  formation  of  monatomic  chlorine.  In  accor¬ 
dance  with  the  accepted  value  of  (Clg)  (see  below)  is  equal  to 

AAf7'(a,  «..>  *=  26,55^0,03  kcal/g-atom 

Cl~  (gas).  The  electron  affinity  of  the  chlorine  atom,  A(Cl),  was 
determined  by  various  scientists,  applying  different  methods  (see  [2704, 
116,  3330]).  On  the  basis  of  data  published  before  1953»  Pritchard 
[33303  recommended  a  value  of  A  (Ci)=s— 88,2±1,5  kcal/g-atom.  In  the  fol- 
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In  the  following  years  the  quantity  A(C1)  was  determined  by  Bayle> 

[6233  ana  Bakulina  and  Ionov  [83,  84].  Bailey,  studying  the  surface 
ionization  of  potassium  chloride,  found  A  (Cl)** — 86,6±2  kcal/g-atom  and, 
when  investigating  the  ionization  of  CIP^  on  an  incandescent  wire,  he 
determined  the  difference  ^4(Ci) — (F)  = — 5,49  kcal/g-atom.  On  che  basis 
of  results  of  measurements  by  the  method  of  surface  ionization  Baku¬ 
lina  and  Ionov  determined  the  values  of  the  analogous  differences  for 
a  series  of  halides  (see  p.  464).  Assuming  that  4(Br)=— 82.1  kcal/g-atom, 
they  found  A(Cl)  =  -87.9  kcal/g-atom  [84].  The  value  of  A(Cl)  =  -86.8 
kcal/g-atom  corresponds  to  the  value  A(Br)  =  -81  kcal/g-atom,  accepted 
in  the  present  Handbook,  and  to  the  experimental  results  of  Bakulir 
and  Ionov,  given  on  p.  464.  A  similar  value  (-86  kcal/g-atom)  was  ob¬ 
tained  in  Cubicclotti's  calculation  [1229,  1229a],  based  on  the  Born- 
Haber  cycle.  In  Buchelnikova ' s  review  article  [116]  a  value  of  A^Cl)  = 
-87.8  kcal/g-atom  is  recommended. 

In  the  present  Handbook  a  value  of 

4(G)  =  — 87+2  kcal/g-atom 

is  accepted  which  was  obtained  on  the  «asis  of  results  of  direct  de¬ 
terminations  of  the  quantity  A(C1)  in  the  papers  [2704,  623]  and  on 
the  basis  of  results  of  measurements  made  by  Bakulina  and  Ionov  [84]. 

To  the  accepted  value  of  A(Cl)  corresponds 

A//0/,  (CT,  «..>  =  —58,45  ±2  kcal/g-atom 
Clg(gas).  The  dissociation  energy  of  Cl2  molecule  nay  be  deter¬ 
mined  with  high  accuracy  from  the  limit  of  convergence  of  the  bands  of 
system  fl* ,  and  is,  according  to  Kuhn's  measurements  [2498], 
equal  to  20,850  ±  30  cm~^.  The  limit  of  convergence  of  this  system  cor¬ 
responds  to  the  dissociation  limit  of  the  B^nQ+,  state  which  differs 

from  the  value  of  the  dissociation  limit  of  the  ground  state  of 

S 

p 

th  Cl2  molecule  by  an  amount  equal  to  the  excitation  energy  of  the  Pj 
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state  of  the  Cl  atom  (cf.  note  to  p.  475).  Taking  into  account  this 
quantity,  given  in  Table  56,  we  have:  D«  (Cl  J  **  20  850  f- 881' 19  969  ±  20 
cm”1,  to  which  corresponds: 

0,(0.)  »  57,10  ±0,06  keal/mole 

This  value  of  Dq(C12)  was  accepted  in  the  present  Handbook. 

CIO  (gas).  The  dissociation  energy  of  the  CIO  melecule  was  determin¬ 
ed  by  Durie  and  Ramsay  [1428]  from  the  limit  of  convergence  of  the  band 

o 

system  4*11*-  X*n,  corresponding  to  the  dissociation  limit  of  the  A  D  - 
state  of  CIO.  According  to  Durie  and  Ramsay  the  value  of  this  limit  is 
equal  to  38,020  ±  10  cm”1.  Since  in  paper  [1428]  it  was  shown  that  the 

A  A 

CIO  molecule  in  the  AH  -state  must  dissociate  into  the  atoms  Cl  (  P) 
and  0  (XD),  a  value  of  6,  (CIO)  =  38  020  -  15  868  =  22  152±  10  cm-1  corresponds 
to  this  dissociation  limit,  1. e. 

D,  (CIO)  =  63,34  j;  0,03  kcal/mole 

A  linear  extrapolation  of  the  vibrational  levels  of  the  state  of 
CIO  results  in  a  less  accurate  value  of  the  dissociation  energy  (24,700 
cm-1  or  about  71  kcal/faole). 

A  value  of 

A//7,(00,  «.„V=24,197±0,05  *•«/-*• 
corresponds  to  the  accepted  value  of  Dq(C10). 

ClOo(gas).  The  heat  of  dissociation  of  gaseous  chlorine  dioxide 
into  its  elements  was  measured  by  Booth  and  Bowen  [8653  and  Wallace 
and  Goodeve  [4135]  who  found  that  the  values  of  AH°f2gg  (ClOg,  gas) 
were  equal  to  23-5  and  26.3  kcal/nole,  respectively.  It  must  be  noted 
that  the  experimental  method  applied  in  [4135]  and  expecially  that  used 
in  [865]  did  not  permit  measurements  of  sufficient  accuracy. 

Mayer  [2820]  discovered  a  predirsociation  in  the  C102  absorption 
spectrum,  corresponding  to  the  reaction  ClO*-*Cl  4*  0*1  and  determined 
the  thermal  effect  of  this  reaction:  =3*6  kcal/mole. 
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Calculations  based  on  this  quantity  yielded  the  value  ^Hfg^g  ^  (C102,  - 
gas)  »  24.4  kcal/mole.  Finkelnburg  and  Schumacher  [1561]  studied  in  the 

p 

ClOg  spectrum  the  predissociation  caused  by  the  process  ClOg  (  Bj)  -*■ 

p  *1 

CIO  (XI)  +  0  (aD),  whose  thermal  effect  was  equal  to  111  kcal/mole. 

The  authors  of  paper  [1561],  however,  reckoned  that  the  value  they  found 
for  the  C102  dissociation  energy  may  to  too  high  by  about  5-6  kcal/mole; 
this  means  that  the  value  of  AJT/mj •(CIO*.  gas)  =  18. 2  kcal/mole 

based  on  these  data  must  be  too  by  this  amount. 

Based  on  these  data,  the  following  value  of  the  heat  of  formation 
of  ClOg  has  been  accepted  in  the  present  Handbook: 

AiST/mtf  (QO*»  )  *=  25.0-4-  1.5  kcal'mol. 


which  was  also  recommended  by  Evans,  Munson  and  Wagman  [1514].  The  val¬ 
ue  of  D0(C102)  corresponding  to  it  is  equal  to 

D^OO,)  =  120,932+ 1.5  kcal/mole 

C120  (gas).  The  heat  of  dissolution  of  ClgO  in  water  was  measured 
by  Thomsen  [3981]  and  Neuman  and  Muller  [3055] •  Moreover,  Thomsen  [3981] 
measured  the  heat  of  neutralization  of  HC1  and  H0C1  by  NaOH  solution 
and  the  heat  of  Clg  dissolution  in  alkali.  These  data  permitted  Evans 
and  coworkers  [1514]  the  calculation  of  the  value  dH°fggg  ^  0  gas)  = 


=  18.3  kcal/mole. 

The  heat  of  dissolution  of  ClgO  in  a  HI  solution  was  measured  by 
Berthelot  and  Wallace  and  Goodeve  [4135] J  on  the  basis  of  the  data  ob¬ 
tained  they  calculated  the  values  of  the  heat  of  formation  of  ClgO  and 
them  equal  to  15.9  and  18  kcal/faole,  respectively.  These  values,  how¬ 
ever,  are  insufficiently  accurate  as  they  were  computed  as  the  difference 
of  two  high  values. 

Wallace  and  Goodeve  [4135]  and  Gunther  and  Wekua  [1892]  measured 
the  heat  of  dissociating  of  ClgO  into  its  elements  and  obtained  values 
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of  the  ClgO  formation  heat  equal  to  21.4  kcal/mole  [1892]  and  24.7 
kcal/mole  [1892 3 .  Bichowsky  and  Rossini  [8133  showed  that  the  results 
of  these  papers  may  turn  out  to  be  incorrect  since  under  the  condi¬ 
tions  of  the  experiments  ozone  is  produced  which  was  not  taken  into 
consideration  in  calculating  the  heat  of  formation  of  ClgO. 

Secoy  and  Cady  [3674]  studied  the  dissolution  equilibrium  of  ClgO 
in  water.  But  they  stressed  that  the  equilibrium  constants  obtained  are 
not  reliable  which  may  be  explained  by  a  systematic  error  in  the  analy¬ 
tic  determination  of  the  ClgO  concentration. 

Evans,  Manson  and  Wagman  [1514]  used  the  results  of  a  series  of 
investigations  of  the  solubility  and  the  hydrolysis  of  Gig  and  C1?0  to 
calculate  the  increment  of  the  isobaric  potential  in  the  corresponding 
reactions  and  found  that  for  the  reaction  Cl*  (**»)  +  V*  O*  (***)  -*■  ClxO  (*••*) 
AGjj,  a  2li95kcal/mole,  to  which  a  value  of  A //*/»,.,,  (C1*0,««—  18,08  kcal/mole 
corresponds.  The  authors  of  paper  [1514]  considered  also  the  investi¬ 
gations  mentioned  above  and  recommended  the  following  value  of  the  beat 
of  formation  of  ClgO: 

A/f/lUrfl  (Q«0,  «»*)  **  18,1  +  0|3  kral/aok 

which  was  accepted  in  the  present  Handbook.  To  it  corresponds 

D,  (0,0)  =  97,473 ±0,31  keal/not# 

H0C1  (gas).  On  the  basis  of  thermodynamic  cycles,  including  the 
heats  of  chlorine  hydrolysis  in  water  and  in  alkaline  solutions,  Bel¬ 
les  [1677]  calculated  the  value  of  the  dissociation  energy  of  the  hy¬ 
droxyl  -  chlorine  bond:  DM (Cl  — .OH)  =  60  kcal/fcole.  To  this  value  coir- 
responds  the  energy  of  dissociation  of  H0C1  to  atoms  which  was  accept¬ 
ed  in  the  Handbook: 

D,(Hoa)  =  iso±io 

and  the  heat  of  formation 

A/r/,(HOCi,  »..)«=  — 20,831  ±10  kc»l  moh- 


ClFj[gas2.  Schumacher,  Schmitz  and  Brodersen  £3660]  studied  the 
C1F  absorption  spectrum  and  determined  the  convergence  limit  of  the 
OTUn-X1!;,  band  system  whose  wave  number  amounts  to  21,512  ±  5  cm”1. 
According  to  which  states*  of  the  Cl  and  F  atoms  the  dissociation  lim¬ 
it  of  the  B3n0+  state  corresponds,  the  C1P  dissociation  energy  in  the 
ground  state  and  the  neat  of  formation  of  C1P  are  equal  to: 

Oinoiiitioa  Da(CIFK  AH*/«(CIF  ft»), 

products  kcol/mole  kcal/mole 

60,35  —13,30 

F(*Ptf+GV*ti  »,00  —11,05. 

Durle  and  Gaydon  [1426],  on  the  basis  of  a  comparison  of  the  dis¬ 
sociation  energies  of  various  interhalogen  compounds,  came  to  the  con¬ 
clusion  that  the  lower  value  of  Dq(CIF)  j  to  be  preferred.  Slutsky 
and  Bauer  [3767]  did  not  agree  with  this  conclusion  and  recommended  the 
{  higher  value  of  D0(C1F)**  which  wa3  also  accepted  in  Gaydon* s  mono¬ 

graph  [1668]  and  in  the  review  article  of  Evans,  Manson  and  Wagman 
[1514].  Later  investigations  of  the  dissociation  energies  of  BrP  and 
1C1  (see  p.  528  and  p.  553)  showed  that  it  is  not  Justifies  to  select 
the  value  of  Dq  (C1F)  in  analogy  to  other  interhalide  compounds  since 
it  turned  out  that  the  dissociation  limits  of  BrP  and  IC1  in  the 
B%0+  -state  correspond  in  the  one  case  (BrP)  to  the  excited  state  of 
the  heavy  element  and  in  the  other  case  (IC1)  to  that  of  the  light  ele¬ 
ment. 

The  selection  between  the  possible  values  of  D0  (C1P)  may  be  based 
on  the  heat  of  formation  of  C1F,  measured  by  thermochemical  methods. 
Ruff  and  Laass  [3557 J  measured  the  heat  of  combustion  of  hydrogen  in 
fluorine  and  C1P  and  found  4Hf  (C1F,  gas)  =  -27.4  kcal/mole  (see  Ruff 
and  Menzel  [3561]*  Schmitz  and  Schumacher  [3641]  measured  the  reaction 
heats  of  C1F  and  Pg  with  NaCl.  With  the  help  of  the  thermal  effects  of 
these  reactions,  the  authors  of  paper  [3641]  calculated  the  value  of 
the  heat  of  formation  of  C1P  and  obtained  -j.5  kcal/mole.  If  one  uses 
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the  values  of  the  heats  of  formation  of  NaP  and  NaCl  and  the  reaction 
heat  of  C1F  with  NaCl  [3641]  the  calculation  yields  ^“^298  15 (GIF#  - 
gas)  =-13.6  kcal/mole. 

The  most  reliable  measurements  of  the  heat  of  formation  of  C1P  were 
made  by  Wicke  [4250]  and  Wicke  and  Fritz  [42553*  In  [4250]  the  thermal 
effect  of  the  reaction  of  chlorine  —  fluorine  interaction  was  measured 
and  Affo/ata.u  (GIF  gas)  =  -  11.6  ±0.4  kcal/mole  was  obtained.  In  paper 
[4255]  a  value  of  Afr°/iM>u'  (C1F  gas)  =  —  11.7  ±0.5  keal/inole  was  ob¬ 
tained  by  means  of  the  explosion  method  in  a  spherical  bomb.  The  results 
of  both  papers  speak  in  favor  of  the  lowest  value  of  Dq(CIF).  Brodersen 
and  Sicre  [9733  came  to  the  same  conclusion  by  way  of  an  analogous  com¬ 
parison  of  the  possible  values  of  Dq  (C1F)  with  the  results  of  calori- 
m  trical  measurements. 

In  the  Handbook  the  following  value  is  accepted: 

D,<C1F)»  59,0  ±0,02  fcca|/.oto 

The  accepted  value  of  error  of  Dq(CIF)  allows  only  for  the  extra¬ 
polation  error  in  calculating  the  bands'  limit  of  convergence.  The  er¬ 
ror  due  to  the  possibility  of  incorrect  determination  of  the  states 
arising  in  the  dissociation  of  the  chlorine  and  fluorine  atoms  is  in 
this  case  not  taken  into  account. 

The  following  corresponds  to  the  accepted  value  of  dissociation 
energy : 

A«7#(CIF,  «*.)-  - 11. 95 ±0,5  kcal/mole 
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TABLE  62 


Accepted  Values  (In  cal/toole)  of  the  Thermodynamic 
Quantities  of  chlorine  and  its  Compounds  in  Gase¬ 
ous  state 


0* 

LH*U 

A //*/«»  » 

//* 

- 

a 

38050 

28947 

28952 

1473 

1499 

a- 

<7000* 

•>58450 

-59527 

-59547 

1456 

1481 

a, 

<7100 

0 

0 

0 

2153 

2194 

ao 

03*40 

24197 

24179 

24179 

2078 

2116 

ao, 

120932 

25592 

25006 

2*000 

2530 

2580 

Ctf> 

97473 

18014 

18105 

18100 

2664 

2718 

Hoa 

100000 

-20831 

-21524 

-21535 

2396 

2440 

OF 

<9000 

-11950 

-11972 

-11974 

2091 

2129  ■ 

aValue  of  energy  of  electron  detachment  from  Cl' 
ion.  l)  Substance. 
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Chapter  10 


BROMINE  AND  ITS  COMPOUNDS  WITH  OXYGEN,  FLUORINE  AND  CHLORINE 
(Br,  Br”,  Br2,  BrO,  BrF,  BrCl) 

The  present  chapter  deals  with  monatomic  and  diatomic  bromine, 
the  Br”  -ion  and  the  diatomic  compounds  of  bromine  with  oxygen,  fluor¬ 
ine  and  chlorine  in  the  gaseous  state. 

Besides  BrO  we  know  the  following  compounds  of  bromine  with  oxy¬ 
gen:  Br20,  Br02,  BrO^,  and  Br^Og.  These  compounds,  however,  are  only 
stable  in  the  solid  state  at  low  temperatures. 

With  fluorine  bromine  forms  three  compounds:  BrF,  BrF^  and  BrF,-. 

At  not  too  high  temperatures  BrF^  and  BrF^*  are  more  stable  than  BrF. 

As  the  temperature  rises,  however,  the  lightest  of  these  three  mole¬ 
cules,  namely  BrF,  becomes  the  main  component.  In  literature  there  are 
no  indications  to  the  '  istance  of  any  other  compounds  between  bromine 
and  chlorine,  apart  from  BrCl,  considered  in  the  Handbook.  There  are 
also  data  on  the  existence  of  the  compound  Br02F  [3625]  which  Is  stable 
at  -50 °C. 

Since  multiatomic  compounds  of  bromine  with  oxygen,  fluorine  and 
chlorine  are  only  stable  at  comparatively  low  temperatures,  the  data 
given  in  the  Handbook  permit  the  calculation  of  the  composition  and  the 
thermodynamic  properties  of  the  systems  bromine  -  oxygen,  bromine  - 
fluorine,  and  bromine  -  chlorine  at  sufficiently  high  temperatures.  It 
must  be  noted  that  all  the  bromine  compounds  dealt  with  in  the  present 
chapter  are  comparatively  unstable  at  high  temperatures,  especially  in 
the  presence  of  other  elements  (hydrogen,  metals),  they  cannot  exist 
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in  larger  q^iantities. 

Apart  from  the  bromine  compounds  considered  in  this  chapter,  the 
Handbook  contains  data  on  compounds  of  bromine  with  iodine  (Ch.  11), 
hydrogen  and  its  Isotopes  (Ch.  12)  and  also  on  bromine  derivatives  of 
methane  (Ch,  17). 

§39.  THE  MOLECULAR  CONSTANTS 

o 

Br.  In  the  electon  ground  state  P  the  bromine  atom  has  the  elec¬ 
tron  configuration  ls*2$*2p*3s*3p*3d1*4s*4p*  •  The  transition  energies  to  ex¬ 
cited  electron  states  of  the  bromine  atom  exceed  60,000  cm”1  so  that 
the  excited  states  of  Br  are  not  considered  in  the  present  Handbook. 
Table  63  gives  the  energies  and  statistical  weights  of  the  two  compo¬ 
nents  of  the  bromine  atom's  ground  state,  borrowed  from  Moor's  Hand¬ 
book  [2941]. 


TABLE  63 

Energy  Levels  of  the  Br  Atom 
and  the  Br”  Ion 


Amt 

^  C«cmm 

.n  It 

CnTMn- 

NCUi  MC 

.  5  _ 

Sacpraa. 

«■-* 

6 

3 

MMtyonti 

TCPM 

Br 

...Wp* 

*Pf. 

\ 

0 

V% 

i 

3G83 

Br* 

V 

1 

0 

1)  State;  2  atom:  3  electron 
configuration;  4)  term;  5)  sta¬ 
tistical  weight;  6)  energy, 

cm”1. 

Br”.  In  Its  ground  state  the  negatively  charged  ion  of  monatomic 
bromine  has  the  electron  configuration  Is* 2s*  2/»* 3s*  Zp%  3d'*  4sMp*,  to  which 
one  "^S-term  corresponds.  In  analogy  to  the  Isoelectronic  Kr  atom  the 
energies  of  the  excited  electon  states  of  the  Br”  Ion  must  amount  to 
at  least  80,000  cm”1.  Since  the  Br”  ionization  potential  is  essentially 
lower  than  this  quantity  (see  p.  525)  it  can  be  assumed  that  the  Br” 
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Brv,.  ®r2  m°lecule>  Just  as  the  ^2  and  c*2  m°lecules»  has  a 

•)  4.  “5 

2  ground  state  and  the  first  excited  state  is  of  the  type  n  .  The 

o  u 

electron  spectra  of  Br2  were  investigated  in  the  visible  and  ultra¬ 
violet  ranges  by  many  researchers.  A  theoretical  analysis  of  the  Br2 
spectra  caused  by  transitions  between  lower  electron  states  of  this 
molecule,  among  them  between  the  two  components  of  the  ^nu  -state  and 
the  12*  ground  state,  was  carried  out  by  Mulligen  (see  p.  474). 

o 

The  Br2  absorption  spectrum  in  the  visible  and  the  near  infrared 
consists  of  two  band  systems  which  correspond  to  the  transitions 
v4*n..—  xvi  B*n0+  —  12498,  991,994,  1262].  The  bands  of  the  first  sys- 

O 

tern  have  their  limit  of  convergence  at  5107  A,  adjacent  to  it  is  the 

O 

continuous  absorption  spectrum  with  two  peaks  at  4950  and  4150  A.  The 
emission  spectrum  of  Br2  was  studied  in  a  wide  interval  of  wavelengths. 
Besides  the  bands  of  the  system  i4*IItr-~  observed  in  the 

absorption  spectrum,  the  emission  spectrum  of  Br2  shows  several  band 
systems  which  are  caused  by  transitions  from  high  electron  states  of 
Br0  [4089,  584,  1951,  4094,  4095,  1955,  4099]. 

The  molecular  constants  of  Br2  in  the  states  XV^.A* Uu  and  B3n0+ 

u 

were  determined  by  Brown  [991,  994]  and  Darbyshire  [1262]  on  the  basis 

B»n  ♦  -  xii:, 

of  an  analysis  of  the  band  system  +  .  Brown  [991]  determined 

the  wave  numbers  of  the  band  edges,  corresponding  to  the  values  v  = 

it  i  ti 

=  7—21,  v  =  £  5  of  the  system  B  «-  X  and  v  =  <£  21,  v  =  1—5  of  the  sys¬ 
tem  A  «-  X.  The  values  of  the  vibrational  constants  of  the  ground  state 
of  Br2  found  by  Brown  in  this  paper,  were  equal  to  toe  ~  323.86,  <°exe  =* 
=  1.15  cnT*.  Furthermore  Brown  [994]  photographed  the  Br2  spectrum  in 
the  third  order  of  a  21-foot  convave  grating  with  a  dispersion  of  0.8 

O 

A/mm.  In  the  spectrum  12  bands  were  observed,  with  resolved  rotational 
structures,  which  corresponded  to  transitions  from  the  levels  v"  =  2  — 
of  the  xV  state  to  the  levels  v'  =  7  —  13  of  the  B%  +  state.  On  the 


On  the  basis  of  data  obtained  in  papers  [991 ,  994]  Brown  determined 

the  values  of  the  vibrational  and  rotational  constants  of  Br2  in  the 

states  and  B3^*.  The  band  systems  B  +-  X  and  A  *-  X  were  also  stu- 
®  uu 

died  by  Darbyshire,  with  an  apparatus  of  lower  dispersion  [1262].  In 
[1262]  about  70  bands  of  the  system  A  «-  X  were  studied,  which  corres¬ 
pond  to  the  values  v*  «  1  —  16,  v"  =  14  and  23  bands  of  the  system 
B  X  with  v1  =*  0  —  5 »  v"  =  8  —  14.  Prom  the  wave  numbers  of  the  band 
edges  Darbyshire  found  the  values  of  the  Br2  constants  in  the  states 
XV  (cd  =  324.26,  co  x  -  1.145  cm”1),  A3n,..  and  B3nn+.  With  the  help 
of  measurements  of  the  isotope  shift  of  lines  he  improved  the  values 
of  v*  of  the  bands  of  the  system  A  X,  altering  them  by  7  units,  and 

applied  the  corresponding  corrections  to  the  values  of  the  vibrational 

•a 

constants  and  the  excitation  energy  of  the  state  AJIL  u,  obtained  by 
Brown  [991]* 

In  the  present  Handbook,  as  well  as  in  Herzberg’s  monograph  [2040] 


and  in  the  Handbook  [649]  one  accepted  the  values  of  the  vibrational 

•a 

and  rotational  constants  of  BrP  in  the  ground  state  and  in  the  B-;IIn+ 
states  found  by  Brown  [994]  and  the  vibrational  constants  In  the 
A3IIiu  state  found  by  Darbyshire  [1262].*  The  accepted  values  of  the  mol¬ 
ecular  constants  of  Br2  are  compiled  In  Table  64.  Transitions  to  other 
components  of  the  states  3HU,  (3n2u  and  3nQ-)  were  not  observed  in  the 
Brg  spectra.  It  follows  from  an  approximate  quantummechanical  calcula¬ 
tion  made  by  Mulliken  [2998]  that  the  3n2u  -state  lies  below  the  3nlu 
state.  Since  both  states  have  the  same  dissociation  limit,  the  potential 


curve  of  the  3n2u 
■a 

curve  of  the  n^u 


-state  must  have  a  deeper  minimum  than  the  potential 

■z 

-state.  The  question  for  the  stability  of  the  -11^- 


state  remains  open.  In  the  present  Handbook,  in  accordance  with  paper 


[2998],  we  assume  that  this  state  is  stable  with  all  halogen  molecules 


(see  p.  475).* 

Apart  from  the  considered  electron  states  of  the  Br2  molecule  we 
know  another  9  stable  states.  Two  of  them,  with  excitation  energies  be¬ 
low  50,000  cm""1,  are  contained  in  Table  64.  The  electron  state  of  Br2 
with  an  excitation  energy  of  the  order  of  47,000  cm”'1'  was  identified 


TABLE  64 

Accepted  Values  of  the  Molecular  Constants  of 
Br2,  BrO,  BrF,  BrCl 


Moauqr.ni 

1 

Cocroa- 

>K 

2 

’  Vi 

B ,  * 

«i10*' 

1Y1P 

3 

tmr*  3 

I* 

HrV* 

Xll* 

#  au. 

Ct: 

0 

138ii 

15891,3 

/  47000 
\  48516 

323,2 

170,7 

169.71 

162,0 

1,07 

3.69 

1,913 

0^29 

0,08091 

0,0595 

2,75 

6,25 

2.0 

2.9 

2,284 

2,663 

BtO* 

x*n 

0 

777.8 

6,8 

0,465* 

47,0* 

67.0  r 

1.65 

x«n 

27871 

485,5 

5.5 

—  D 

—  c 

—  d 

“ 

BrF 

X1!* 

0 

672,* 

4,5 

0,3563 

52,06 

40,0  r 

1,756 

Amu 

17385 

378 

16 

— 

—  d 

a 

B*n,* 

18281.2 

377,6 

4,711 

BK3a 

0  e 

443,1 

0,1505 

7,595 

e,9rd 

2.136 

Am 

(16000)* 

l)  Molecule;  2)  state;  3)  cm”1. 

a  7Q  3l 

Mean  values  of  the  molecular  constants  of  Br,;7X  and  Br  X. 

^Value  of  Bq. 

Calculated  from  Eq.  (1.36). 

Calculated  from  Eq.  (I.38). 
eEstimate. 


as  a  C*  state  by  Venkateswarlu  [4089]  who  observed  a  group  of  diffuse 
bands  in  the  jromine  emission  spectrum  and  attributed  them  to  transi¬ 
tions  from  this  state  to  a  series  of  unstable  states.  An  electron  state 
with  an  excitation  energy  of  Tg  =  48,516  cm”1  was  found  by  Ve^kateswar- 
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lu  when  studying  the  Brg  emission  spectrum  in  the  presence  of  argon, 

from  a  band  system  connected  with  transitions  from  this  state  to  the 

A0+  state.  In  paper  [4089]  the  type  of  the  state  was  not  established, 
u 

The  values  of  the  constants  of  Brg  in  the  two  mentioned  states,  found 
by  Venkateswarlu,  are  given  in  Table  64. 

|  BrO.  In  the  spectrum  of  the  BrO  molecule  a  single  band  system, 

A*Il—  X*It  *  was  investigated.  The  BrO  emission  spectrum  In  an  Hg  + 
02  flame  with  admixtures  of  Cg!'_Br  and  CH^Br  was  studied  by  Waid  [4050] 
and  also  by  Coleman  and  Gaydon  [11533-  Paper  [11533  reports  on  measure¬ 
ments  of  the  wave  numbers  of  the  edges  of  16  bands  corresponding  to 
v'-<2,  »*<7  ,  and  from  the  relationships  assumed  for  the  oands  in 

this  paper,  approximate  values  of  the  vibrational  constants  of  BrO 
In  the  ground  state  were  obtained:  coe  =  713,  u>exe  =  7  cm*"1. 

The  BrO  absorption  spectrum  was  studied  by  Zeelenberg  [43743  and 
Durie  and  Ramsay  [1428]  in  the  pulsed  photolysis  of  bromine  -oxygen 
’  mixtures. 

Durie  and  Ramsay  [14283  obtained  the  BrO  spectrum  in  the  range 

e 

«  2890  —  3530  A  by  means  of  a  spectrograph  with  a  21-foot  grating  and 

,  also  with  a  Kilger  spectrograph.  The  spectrum  consisted  of  20  (v»  —  0) 

*  progression  bands  with  v1  -values  from  1  to  20;  16  of  the  20  bands 

j  were  diffuse  and  only  in  the  band  4—0  the  rotational  structure  could 

be  resolved.  Zeelenberg  [43743  observed  15  bands  in  the  BrO  absorption 
spectrum  whose  wave  numbers  were  in  good  agreement  with  those  given  by 
Durie  and  Ramsay.  In  paper  [43743  the  BrO  spectrum  was  not  analyzed. 

Durie  and  Ramsay  [14283  analysed  the  vibrational  structure  of 

i  o  2 

the  bands  of  system  A  II  —  X  II,  taking  into  account  the  data  obtained 

by  Coleman  and  Gaydon  [11533 >  when  they  studied  the  emission  spectrum 

of  BrO;  they  altered  the  numeration  of  the  bands  suggested  by  Coleman 
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and  Gaydon  by  4  units  of  the  values  of  v”.  The  vibrational  constants  of 

O  O 

BrO  in  the  states  X  n  and  A  n  obtained  by  Durie  and  Ramsay  [1428]  are 
given  in  Table  63  and  are  accepted  in  the  present  Handbook. 

On  the  basis  of  an  analysis  of  the  rotational  structure  of  the 
4—0  band  Durie  and  Ramsay  [1428]  determined  the  following  values  of 
the  constant  BQ  of  the  molecules  Br^O  and  Br^O  in  the  states  X^II: 

23, (Br”0)  —  0,455,  23, (Br^O)  *=  0,471  cm”'1';  the  mean  value  of  the  constant  BQ 
of  the  BrO  molecule  in  the  x2n  -state,  given  in  Table  63,  corresponds 
to  them.  This  table  contains  also  the  value  of  the  constant  ct^  calculat¬ 
ed  from  Eq.  (1.36)  and  the  values  assumed  for  the  constants  o>e,  o>exe 
and  Bq. 

BrF.  The  electron  ground  state  of  the  BrF  molecule  is  of  the  type 

1  + 

X  2  .  Just  as  with  other  diatomic  interhalogen  compounds,  the  first 
excited  state  of  the  BrF  molecule  is  a  state  of  the  type  ^n.  In  the 
BrF  spectrum  only  transitions  to  two  components  of  this  state,  A^r^ 
and  bV>  were  investigated.  At  the  same  time  transitions  were  observ¬ 
ed  which  are  connected  with  high  excited  states  of  the  BrF  molecule, 
whose  energies  excee^  60,000  cm”1  [969]. 

In  the  BrF  spectrum  the  band  system  £*n^  —  Xs2*,  was  investigated 

O 

most  frequently;  it  lies  in  the  range  4360  -  658O  A  and  was  studied 
in  the  absorption  spectrum  by  Brodersen  and  coworkers  [970,  971>  973] 
and  in  the  emission  spectrum  by  Durie  [1423].  The  most  careful  investi¬ 
gation  of  the  BrF  constants  was  made  by  Ercdersen  and  Slcre  [9731  who 

O 

studied  the  system  X’ll,  — X1!!*  (range  5200  —  6900  A)  in  an  apparatus 
with  a  dispersion  of  2.7  A/fom.  40  bands  of  the  system  B^nQ+  —  X12+ 

(v«  ^  20,  V'  ^  5),  and  10  bands  of  the  system  A^n^  -  X12+  (v1  <^»  v"  = 

=  0  and  1)  were  observed  in  the  spectrum. 

The  values  of  the  vibrational  constants  of  BrF,  found  by  Broder¬ 
sen  and  Sicre  [9733  from  the  wave  numbers  of  the  band  edges  are  accept- 


-  515  - 


ed  in  the  present  Handbook  and  given  in  Table  64.*  Previously  Durie 
[1423]  obtained  similar  values  (673  and  4  cm”1)  for  the  quantities 

and  to  x  . 
e  e  e 

The  rotational  constants  of  BrF  in  the  electron  ground  state  giv¬ 
en  in  Table  64,  were  borrowed  from  a  paper  of  Smith,  Tidwell  and  Wil¬ 
liams  [3776]  who  studied  the  microwave  spectra  of  Br^F  and  Br®1F. 

BrCl.  The  electron  ground  state  of  the  BrCl  molecule  is  of  the 
type  1Z+. 

In  the  BrCl  spectrum  two  band  systems  are  studied  which  lie  in 
the  range  of  vacuum  ultraviolet,  two  bands  (1  —  0  and  2—0)  in  the 
infrared  range  and  the  1—0  band  in  the  Raman  spectrum  of  the  gas  and 
in  the  microwave  spectrum  of  this  molecule. 

Both  band  systems  of  BrCl  in  vacuum  ultraviolet  were  obtained  in 
absorption  spectra  by  Cordes  and  Sp.ner  [1179]  who  showed  that  they 
are  caused  by  transitions  to  high  electron  states  of  this  molecule 

~  60*000  cm"'*')  from  its  ground  state.  In  analogy  to  molecules  of 
other  diatomic  interhalogen  compounds  we  assumed  in  the  Handbook  that 
the  first  stable  excited  state  of  BrCl  Is  a  %  state  with  an  energy  of 
about  16,000  cm”’*'.  Transitions  connected  with  this  state,  however, 
were  not  observed  in  the  BrCl  spectrum. 

As  a  result  of  investigating  two  BrCl  band  systems,  Cordes  and 
Sponer  determined  the  wave  number  of  the  edges  of  21  bands,  but  the 
accuracy  of  the  determination  of  the  edge  wave  numbers  was  not  high 
and  the  band  relationships  were  ambiguous.  Cordes  and  Sponer  represent¬ 
ed  the  edge  wave  numbers  they  had  found  in  the  form  of  Deslandres 
tables  and  obtained  AGy.=  430  cm”'*'. 

The  BrCl  Raman  spectrum  was  studied  by  Stammreieh  and  Forneris 

[3836]  who  found  a  value  of  428  ±  2  cm"’*  for  AGi.  As  we  mentioned  above 

2 

(soe  p.  482  and  512),  analogous  measurements  made  by  Stammreieh  and 
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and  Gaydon  by  4  units  of  the  values  of  v".  The  vibrational  constants  of 
BrO  in  the  states  x2n  and  A2H  obtained  by  Durie  and  Ramsay  [1428]  are 
given  in  Table  63  and  are  accepted  in  the  present  Handbook. 

On  the  basis  of  an  analysis  of  the  rotational  structure  of  the 
4—0  band  Durie  and  Ramsay  [1428]  determined  the  following  values  of 
the  constant  BQ  of  the  molecules  Br^O  and  Br®^0  in  the  states  As 
Bt  (Br’M)  0,455,  Bt  (B^K))  «=  0,471  cm-1;  the  mean  value  of  the  constant  BQ 

of  the  BrO  molecule  in  the  A  -state,  given  in  Table  63,  corresponds 
to  them.  This  table  contains  also  the  value  of  the  constant  ot^  calculat¬ 
ed  from  Eq.  (1.36)  and  the  values  assumed  for  the  constants  o>  ,  co  x 
and  Bq. 

BrF.  The  electron  ground  state  of  the  BrP  molecule  is  of  the  type 

1  + 

XT.  Just  as  with  other  diatomic  interhalogen  compounds,  the  first 

excited  state  of  the  BrP  molecule  is  a  state  of  the  type  %.  In  the 

-a 

BrP  spectrum  only  transitions  to  two  components  of  this  state,  A-'n^ 
and  B3nQ+,  were  investigated.  At  the  same  time  transitions  were  observ¬ 
ed  which  are  connected  with  high  excited  states  of  the  BrF  molecule, 
whose  energies  exceed  60,000  cm“*  [969]. 

In  the  BrF  spectrum  the  band  system  — X*2*f  was  Investigated 

O 

most  frequently;  It  lies  in  the  range  4360  —  6580  A  and  was  studied 
in  the  absorption  spectrum  by  Brodersen  and  coworkers  [970,  971»  973 J 
and  in  the  emission  spectrum  by  Durie  [1423].  The  most  careful  investi¬ 
gation  of  the  BrP  constants  was  made  by  Brodersen  and  Sicre  [973]  who 

O 

studied  the  system  —  *»;£♦  (range  5200  —  69OO  A)  in  an  apparatus 
with  a  dispersion  of  2.7  A/iam.  40  bands  of  the  system  B^nQ+  — 

(v*  ^  20,  V’  ^  5),  and  10  bands  of  the  system  A^I^  -  x1^  (v*  <*8,  v”  = 

=  0  and  l)  were  observed  in  the  spectrum. 

The  values  of  the  vibrational  constants  of  BrF,  found  by  Broder¬ 
sen  and  Sicre  [9733  from  the  wave  numbers  of  the  band  edges  are  accept- 
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ed  in  the  present  Handbook  and  given  in  Table  64.*  Previously  Durie 
[1423]  obtained  similar  values  (673  and  4  cm”1)  for  the  quantities 

and  o>  x  . 
e  e  e 

The  rotational  constants  of  BrP  in  the  electron  ground  state  giv¬ 
en  in  Table  64,  were  borrowed  from  a  paper  of  Smith,  Tidwell  and  Wil¬ 
liams  [3776]  who  studied  the  microwave  spectra  of  Br^F  and  Br^F. 

BrCl.  The  electron  ground  state  of  the  BrCl  molecule  is  of  the 
type  12+. 

In  the  BrCl  spectrum  two  band  systems  are  studied  which  lie  in 
the  range  of  vacuum  ultraviolet,  two  bands  (1—0  and  2—0)  in  the 
Infrared  range  and  the  1—0  band  in  the  Raman  spectrum  of  the  gas  and 
in  the  microwave  spectrum  of  this  molecule. 

Both  band  systems  of  BrCl  in  vacuum  ultraviolet  were  obtained  In 
absorption  spectra  by  Cordes  and  Sponer  [1179]  who  shewed  that  they 
are  caused  by  transitions  to  high  electron  states  of  this  molecule 

~  60,000  cm”1)  from  Its  ground  state.  In  analogy  to  molecules  of 
other  diatomic  Interhalogen  compounds  we  assumed  in  the  Handbook  that 
the  first  stable  excited  state  of  BrCl  Is  a  state  with  an  energy  of 
about  16,000  cm”1.  Transitions  connected  with  this  state,  however, 
were  not  observed  in  the  BrCl  spectrum. 

As  a  result  of  investigating  two  BrCl  band  systems,  Cordes  and 
Sponer  determined  the  wave  number  of  the  edges  of  21  bands,  but  the 
accuracy  of  the  determination  of  the  edge  wave  numbers  was  not  high 
and  the  band  relationships  were  ambiguous.  Cordes  and  Sponer  represent¬ 
ed  the  edge  wave  numbers  they  had  found  in  the  form  of  Les land res 
tables  and  obtained  430  cm”1. 

The  BrCl  Raman  spectrum  was  studied  by  Stammreich  and  Forneris 

[3836]  who  found  a  value  of  428  ±  2  cm”1  for  As  we  mentioned  above 

£ 

(see  p.  482  and  512),  analogous  measurements  made  by  Stammreich  and 
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Forneris  with  Cl2  and  Br2  yielded  lower  values  since  instead  of  the 
Raman  spectrum  the  transltions  were  obtained  in  the  spectrum  of 

resonance  fluorescence. 

The  Infrared  spectrum  of  BrCl  in  the  range  400  —  900  cm""'1'  was  stu¬ 
died  in  the  papers  of  Matraw,  Pachucki  and  Hawkins  [2812]  and  Brooks 
and  Crawford  [980].  In  paper  [2812]  v  (1—0)=  439.5  ± 0,5  cm”1  was  obtained, 
in  paper  [980MI—  (»*»  *J9,5 ± 0.50m-1  and  v  (2  -  0)  =  876  +  1  cm”1  was  es¬ 
tablished.  On  the  basis  of  their  data  Brooks  and  Crawford  found  o>e  * 

=  442.5,  a)exe  =1.5  cm-1;  owing  to  the  closeness  of  the  values  2v(l  -  0) 
and  v(2  —  0),  htwcver,  the  constant  of  anharmonicity  of  BrCl  could  only 
be  determined  in  [980]  with  low  accuracy  and  the  error  of  the  value 

found  for  to  x  amounts  to  about  1  cm“‘1'.  The  BrCl  dissociation  energy 
e  e 

calculated  from  Eq.  (l.  13)  and  the  given  values  of  o>e  and  a>e*e,  is 
therefore  higher  by  about  12,000  cm-1  or  60$6  than  the  value  accepted  in 
the  present  Handbook. 

In  papers  [2812,  980]  and  on  preparing  the  present  Handbook  the 
quantity  wexe  of  the  BrCl  molecule  In  the  X  2+  state  was  determined  on 
the  basis  of  anproximate  estimate-.  The  values  found  lie  within  an  in¬ 
terval  from  1.6  to  1.9  cm-'1'.  The  values  of  the  vibrational  constants 
of  BrCl  in  the  state  given  in  Table  64  are  borrowed  from  paper 

[2812].*  The  x’otaticnal  conctants  of  BrCl  were  chosen  on  the  basis  of 
results  of  investigating  the  microwave  spectrum  of  four  isotope 
modifications  of  this  molecule  obtained  in  paper  [3777]. 

§  40.  THE  THERMODYNAMIC  FUNCTIONS  OF  THE  GASES 

The  thermodynamic  functions  of  bromine  and  its  diatomic  compounds 
with  fluorine,  chlorine  and  oxygen  in  the  gasesous  state,  calculated 
without  accounting  for  intermolecular  interaction,  for  the  tempera¬ 
tures  between  293. 15  -  6000°K,  are  compiled  in  Tables  58-61,  65,  66 
of  Vol.  II  of  the  Handbook.  All  calculations  were  made  allowing  fcr 
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the  differences  of  the  constants  of  isotope  modifications  of  the  mole¬ 
cules  containing  bromine  and  chlorine  atoms. 

The  constants  of  the  Interatomic  potential  of  the  gases  considered 
in  the  present  chapter  are  unknown  so  that  the  Handbook  does  not  con¬ 
tain  any  data  on  the  virial  coefficients  of  these  gases. 

Br.  The  electron  components  of  the  thermodynamic  functions  of 
gaseous  monatomic  bromine  were  calculated  from  the  constants  given  ir 
Table  63,  the  progressive  components  were  calculated  from  Eqs.  (II. 8), 
(II. 9).  The  constants  A^  and  Ag  in  the  expressions  of  the  progressive 

4f. 

components  4Vj,  and  S£  were  equal  to  5-1757  and  10.7438  cal/g-atom»deg, 

*  ° 

respectively.  The  errors  of  the  values  of  <f>T  and  S^,  given  in  Table  58 
(II)  do  not  exceed  0. 005  cal/g-atom«deg  and  are  virtually  entirely  due 
to  Inaccuracies  of  the  used  values  of  physical  constants. 

Tables  of  the  thermodynamic  functions  of  monatomic  bromine  were 
previously  calculated  up  to  2000 °K  by  Gordon  and  Barnes  [1815]  Brewer 
[10933,  Katz  and  Margrave  [2334],  up  to  3000°K  by  Butkov  [112],  Goff 
et  al.  [1787],  up  to  5000°K  by  Evans  et  al.  [1514],  and  up  to  8000°K 
by  Kolsky  et  al.  [2462], 

The  differences  between  the  values  of  the  thermodynamic  functions 
of  Br,  calculated  in  papers  [2334,  1514,  112]  and  given  In  Table  58 
(II)  do  not  exceed  0.001  cal/g-atom»deg  and  can  be  explained  by  slight 
differences  of  the  values  taken  for  the  physical  constants.  The  thermo¬ 
dynamic  functions  of  Br,  calculated  in  paper  [1514],  are  published  in 
the  handbooks  [3680,  3894],  those  calculated  by  Gordon  and  Barnes  [1815] 
in  Zeise’s  book  [4384]. 

The  differences  between  the  values  of  the  thermodynamic  functions 
calculated  in  papers  [1093,  2462]  and  compiled  In  Table  58  (II)  amount 
to  0.01  —  0.02  cal/g-atom»deg  and  are  caused  by  the  fact  that  in  these 
papers  use  was  made  of  a  value  of  R  in  the  physical  scale  of  atomic 


weights. 

The  differences  between  the  values  of  the  thermodynamic  functions 
of  monatomic  bromine,  given  in  the  first  and  in  the  present  editions 
of  the  Handbook,  amount  to  0.005  cal/g-atom»deg  and  are  due  to  the  fact 
that  other  values  of  the  physical  constants  were  used. 

Br~.  The  progressive  components  of  the  thermodynamic  functions  of 
the  negative  ion  of  monatomic  bromine  were  calculated  with  the  same 
values  of  A^  and  Ag  as  were  used  in  the  case  of  the  neutral  monatomic 
bromine.  The  electron  components  are  equal  to  zero  since  in  the  Hand¬ 
book  it  was  assumed  that  the  Br“  ion  has  no  stable  excited  states  and 

that  its  ground  state  is  of  the  type  ^S.  The  errors  of  the  values  of 
*  ° 

and  £*j,  calculated  in  this  way  are  due  to  inaccuracies  of  the  physi¬ 
cal  constants  and  do  not  exceed  0. 005  cal/g-atom-deg. 

The  differences  between  the  thermodynamic  functions  of  Br“  given 
in  the  first  and  in  the  present  Editions  of  the  Handbook  are  caused 
by  the  fact  that  different  physical  constants  were  used  in  the  calcula¬ 
tions.  Other  calculations  of  thermodynamic  functions  of  Br~  are  un¬ 
known  in  literature. 

Brv,.  The  thermodynamic  functions  of  gaseous  diatomic  bromine 
given  in  Table  60  (II)  were  calculated  from  Eqs.  (II. l6l)  and  (II. 162). 
The  values  of  In  2  and  T-^InS  In  these  equations  were  calculated  ac¬ 
cording  to  the  method  of  Gordon  and  Barnes,  allowing  for  the  correc¬ 
tions  for  the  limited  summation  over  J  [Eqs.  (11.137),  (11.138)]  and 
using  the  molecular  constants  given  in  Table  64.  The  constants  enter¬ 
ing  the  formulas  for  calculating  the  thermodynamic  functions  are  com¬ 
piled  in  Table  65.  In  the  calculation  of  the  components  of  the  first 
excited  state  its  components-  *n#+,*nj5 ,*nw  and  ^ngu  were  united 
in  a  single  level  with  the  statistical' weight  6  and  an  excitation 
energy  equal  to  the  arithmetical  mean  of  the  excitation  energies  of  the 
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states  and  ^n^u.  The  calculation  was  made  with  Eqs.  (11.120), 

(11.121),  i.e. ,  without  allowing  for  the  difference  of  the  Br2  con- 

Q  1  4. 

stants  in  the  states  and  X  2^.  Higher  electron  states  c  f  Br^  with 
excitation  energies  exceeding  40,000  cm-1  are  not  taken  into  account 
in  the  calculation. 


TABLE  65 

Values  of  the  Constants  Used  in  Calculations  of  the 
Thermodynamic  Functions  of  Br2,  BrO,  BrF,  BrC3 


Bow- 

e 

*.10* 

pio* 

MO* 

«. 

L  r 

rf.10* 

r 

cno 

1 

2  *$*» 

— 

— 

— 

^  KMAlMOMk-tpad 

Br, 

465,0 

3,3106 

0,3405 

0,117 • 

8,60511 

4,26 

10,7416 

1 

17,6971 

BrO 

1119,1 

8,7426 

1,0181 

1,07 

1,50114 

4,31 

9,8818 

16,8373 

BrF 

967,7 

6,6905 

1,4712 

2,266 

1,90505 

4,44 

7,7538 

14,7093 

BrQ 

637,5 

4,0623 

0,5059 

0,260 

4,63006 

4,26 

9,9158 

16,8713 

1)  Substance ;  2)  degree;  3)  deg”1;  4)  cal/mole.deg. 

The  errors  of  the  values  of  at  T  =  298.15,  3000  and  6000°K 
amount  to  0.02,  0,03  and  0. 3  cal/mole»deg,  respectively.  At  low  temp¬ 
eratures  they  are  mainly  due  to  inaccuracies  of  the  molecular  and  phys¬ 
ical  constants  and  at  high  temperatures  they  are  caused  by  the  inac¬ 
curate  consideration  of  the  electron  state  and  by  the  fact  that  the 

values  chosen  for  the  vibrational  constants  of  Br0  in  the  X12+  in  an 

2  6 

unsatisfactory  manner. 

The  thermodynamic  functions  of  diatomic  bromine  were  previously 
studied  by  Evans  et  al.  [1514]  and  Butkov  [112]  (up  to  3000°K)  by  means 
of  the  method  of  Mayer  and  Goppert- Mayer,  by  Gordon  and  Barnes  [18151 
(up  to  l600°K)  by  a  method  of  their  own,  by  Zeise  [4379]  (up  to  2000°K) 
in  the  rigid  rotator-harmonic  oscillator  approximation,  and  by  Brown 
[993l(S|^g  ^g)  with  the  method  of  indirect  summation. 

The  results  of  calculations  of  (1514,  1815,993,  112,  43791  and  the  values 
S'  *’en  in  Table  60  (II)  do  not  differ  by  more  than  0.02  cal/mole«deg. 
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with  the  exception  of  the  values  of  S^,,  obtained  by  Evans  et  al. 

* 

[1514]  for  temperatures  above  2000°K,  and  the  values  of  4^  calculat¬ 
ed  by  Zeise  [4379]  for  T  >  1000°K.  In  these  two  cases  the  deviation 
reaches  0.1  cal/mole*deg.  These  differences  are  explained  by  the  fact 
that  different  methods  of  calculation  were  used  and  different  values 
of  the  molecular  and  physical  constants  were  applied  in  the  calcula¬ 
tions. 


In  Zeise 's  book  [4384]  and  in  the  Handbook  [1093]  the  thermodynamic 
functions  calculated  by  Gordon  and  Barnes  [1815]  are  given;  the  hand¬ 
books  [368O,  3894]  contain  the  results  of  calculations  by  Evans  et 
al.  [15143.  Kelley  [2364,  2360]  accepts  the  value  of  $298.16’  cal~ 
culated  by  Brown  [99r ‘  In  the  summary  of  [2363]  Kelley  gives  the  val¬ 
ues  of  Hr  —  Hla.it  and  Sr —Sln.u  up  to  l600°K  and  an  equation  for  the  spe¬ 
cific  heat  of  Br2.  With  the  value  of  $298  given  in  Table  60  (II) 
-within  the  limits  of  accuracy  -the  value  of  S^gg  jg,  agrees  which  was 
determined  by  Hildenbrand  et  al.  [2070]  according  to  results  of  calori¬ 


metric  measurements.  Differences  between  the  thermodynamic  functions  of  J 

S 

Br2  given  in  the  first  and  in  the  present  editions  of  the  Handbook  do  gf 

not  exceed  0.01  cal/mole»  :rg  up  to  3000°K  and  grow  as  the  temperature  | 


rises,  reaching  0.8  cal/mole»deg  for  $gQ00  which  is  due  to  the  fact 
that  in  the  first  edition  the  limitation  of  summing  over  J  was  not  tak¬ 


en  into  account. 

BrO.  The  thermodynamic  functions  of  gaseous  bromine  monoxide  giv¬ 
en  in  Table  6l  (II)  were  calculated  from  Eqs.  (II.161)  and  (II.162). 

The  values  of  In  2  and  T^ln2  in  these  equations  were  calculated  with 
the  help  of  the  Gordon  Barnes  method,  allowing  for  the  corrections  for 
limited  summation  over  J  [Eqs.  (II.137)>  (II. 138)],  and  using  the  mole¬ 
cular  constants  given  in  Table  64.  Table  65  contains  the  values  of  the 
constants  C$,  C^,  0  and  x  also  the  coefficients  of  Eqs.  (II.137), 
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(11.138)  calculated  according  to  the  molecular  constants  of  BrO.  Since 

2 

the  coupling  constant  of  the  X  n  state  of  the  BrO  molecule  Is  unknown, 

the  quantities  In  A  and  r-^r-InA  in  Eqs.  (11.137)  a. id  (11.138)  were  as- 

sumed  to  be  equal  to  zero  and  b,  3h  C*  and  Cg  comprised  a  term  R  In  4. 

The  components  of  the  excited  electron  state  of  the  BrO  molecule  was 

calculated  by  means  of  the  simplest  method,  without  taking  into  account 

2  2 

the  difference  of  the  BrO  constants  in  the  states  X  n  and  A  n  [Eqs. 
(11.120)  and  (11.121)]. 

The  errc  of  the  values  of  given  in  Table  6l  (II)  amount  to 
0.7,  0.2  and  0.2  cal/mole*deg  at  T  =  258.15,  3000  and  6000°K,  respec¬ 
tively.  At  low  temperatures  the  errors  are  mainly  caused  by  inaccurate 
allowing  for  the  multiplet  nature  of  the  electron  ground  state,  while 

at  high  temperatures  they  are  due  to  inaccurate  allowing  for  the  excit- 

2  2 
ed  electron  state  A  n  and  inaccurate  constants  of  BrO  in  the  X  H  state, 

used  in  the  calculation,  in  particular  to  the  absence  of  experimental 

data  on  the  constant  .  nd  the  energy  of  the  high  vibrational  levels 

of  the  A  state. 

Previous  calcul  &*.cns  of  the  thermodynamic  functions  of  bromine 
monoxide  are  unknown. 

BrF.  The  thermodynamic  functions  of  gaseous  bromine  monofluoride 

given  in  Table  65  (li)  were  calc  lated  from  Eqs.  (Il.l6l)  and  (II.162). 

The  values  of  In  Z  and  T-lnl  in  these  equations  were  calculated  by 

d* 

means  of  the  Gordon-Barnes  method,  taking  into  account  the  limitation 
of  summation  over  J  [Eqs.  (11.137)  anc  (11.138)3,  on  the  basis  of  the 
molecular  constants  given  in  Table  64.  The  constants  entering  the  formu¬ 
las  for  calculating  the  thermodynamic  functions  of  BrF  are  given  in 
Table  65.  The  electron  components  of  tv  thermodynamic  functions  of  BrF 

were  calculated  from  Eqs.  (If. 120),  (TI. 121),  with  a  statistical  weight 

■5 

of  ‘  he  first  excited  svate  Jjr  equal  to  6  and  its  energy  equal  to  the 


r*r>/  . 
-  0^2 


J 


mean  value  of  the  energies  of  the  states  ^Hq+  and  1 

The  errors  of  the  calculated  values  of  at  T  =  298.15,  3000  and  | 

6000°K  are  equal  to  0.02,  0.03  and  0.2  cal/mole»deg,  respectively  and  1 

are,  at  low  temperatures,  due  to  inaccuracies  of  the  molecular  constants  g 

and  at  high  temperatures  to  inaccurate  allowing  for  the  excited  elec-  1 

tron  states  and  to  the  fact  that  the  used  values  of  the  BrP  vibration-  § 

1  +  I  1 

al  constants  in  the  X  2  state  do  not  describe  satisfactorily  the  ener-  g 
gies  of  the  high  vibrational  levels  of  the  electron  ground  state  of  the  1 

I  ! 

BrF  molecule.  I 


The  thermodynamic  functions  of  bromine  monoflucride  were  previous¬ 
ly  calculated  according  to  the  method  of  Mayer  and  Gfippert-Mayer  by 
Evans  et  al.  [1514]  (up  to  2000°K)  and  Cole  and  Elverum  [1148]  (up  to 
1500°K).  The  differences  between  the  results  of  the  calculations  of 
[1514,  1148]  and  che  values  given  in  Table  65  (II)  amount  to  about  0.005 
cal/mole-deg  at  low  temperatures  and  grow  as  the  temperature  rises, 
thus  reaching  about  0.1  cal/mole*deg  with  the  value  of  S^CKX).  These  dl" 
vergences  are  mainly  due  to  different  constants  used  In  the  calculations 
and  different  methods  applied  to  calculate  the  thermodynamic  functions. 

In  the  Ha;  000k  [368O]  and  in  Fialkov's  monograph  [424]  we  find 
the  results  of  calculations  made  by  Evans  et  al.  "  *14].  Kelley  [2364] 
accepts  an  approximate  value  of  ^g(BrP,  gas),  which,  because  of 

the  inaccurate  method  of  calculation,  deviates  from  that  given  in  Table 
65  (II)  by  C  .  3  c-il/mole«deg. 

BrCl.  The  thermodynamic  functions  of  gaseous  bromine  monochloride 
given  In  Table  66  (II)  were  calculated  from  Eqs.  (II. 161)  and  (II. 162). 
The  values  of  in  2  and  In  these  equations  were  calculated  ac¬ 

cording  to  the  Gord on- Barnes  method,  taking  into  account  the  corrections 
for  limited  summation  over  J  [Eqs.  (11.137),  (II.138)]  and  using  the 
molecular  constants  cf  Brdl  given  in  Table  64.  The  excited  electron 


1 


3 
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states  of  the  BrCl  molecule  was  not  taken  into  consideration  owing  to 
the  fact  that  in  the  spectrum  of  this  molecule  transitions  connected 
with  low  excited  states  could  not  be  observed  (see  p.  516).  The  con¬ 
stants  used  for  calculating  the  thermodynamic  functions  of  BrCl  are 
compiled  in  Table  65. 

* 

The  errors  of  the  calculated  values  at  T  =  298. 15,  3000  and 
6000°K  amount  to  0.02,  0.03  and  0.4  cal/mole»deg,  respectively.  They 
are  due  to  inaccurate  molecular  constants  and  neglection  of  the  excit¬ 
ed  electron  states  of  BrCl  (at  high  temperatures). 

The  thermodynamic  functions  of  bromine  monochloride  were  pre¬ 
viously  calculated  according  to  the  method  of  Mayer  ;  id  Goppert-Mayer 
by  Evans  et  al.  [1514]  (up  to  1500°K),  Cole  and  Elverum  [1148]  (up  to 
2000°K)  and  Butkov  [113,  112]  (up  to  300C°K),  and  by  means  of  the  Gor- 
don-Bames  method  by  Matraw  et  al.  [2812]  (up  to  1000°K). 

The  differences  between  the  results  of  calculations  of  [1514, 

1148,  28123  and  the  values  given  in  Table  66  (II)  do  not  exceed  about 
0.01  cal/mole«deg  and  are  due  to  the  fact  that  different  molecular- 
constants  were  used  in  these  calculations  and  in  the  present  Handbook. 
The  differences  between  the  results  of  calculations  [112,  113]  and  the 
values  given  in  Table  66  (II)  are  much  higher  (up  to  0.1  cal/moie.deg) 
and  caused  by  the  fact  that  in  these  papers  an  incorrect  value  was  tak¬ 
en  for  trie  quantity  3g. 

The  Hand'  00k  [3680]  and  the  book  [424]  accept  the  results  of 
calculations  by  Evans  et  al.  [1514].  In  Kelley’s  resumes  [2360,  2364] 
a  value  of  S^g  is  fiven  that  differs  from  the  corresponding  value 
in  Table  66  (11)  by  no  more  than  0.05  cal/mole^deg,  and  also  the  re¬ 
sults  of  calorimetrical  determinations  of  SX^a  -  made  by  other  authors. 

10 

In  the  sur.j-'.ary  of  [2303]  Kelley  gives  the  values  of  H£  -  H“oP  ^  and 
$r — up  to  2Q00°K  and  also  an  equation  for  the  specific  heat  of 
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§41.  THE  THERMODYNAMIC  QUANTITIES 

The  standard  state  of  bromine  is  Br^  (liquid). 

Br  (gas).  The  heat  of  formation  of  monatomic  bromine 
A//7o(Br,  «••)  =  2S, 178^0,02  kcal/g-atom 

was  calculated  from  the  values  of  heat  of  formation  and  energy  of  dis¬ 
sociation  of  Br2  (gas)  accepted  in  the  present  Handbook  (see  below). . 

Br~  (gas).  The  results  of  measuring  the  electron  affinity  of  the 
bromine  atom,  A  (Br),  obtained  until  1944,  were  considered  by  Doty  and 
Mayer  [1366].  The  authors  of  this  paper  obtained  4(Br)=  —  80,5+0.4  «•!'««.  o*  . 
kcal/g-atom  on  the  basis  of  measurements  of  the  ion  concentration  when 
bromine  vapor  was  allowed  to  dissociate  on  an  incandescent  tungsten 
wire.  Pritchard  [3330],  on  the  basis  of  an  examination  of  data  publish¬ 
ed  until  1953,  recommends  a  somewhat  higher  value,  namely  —81.6  ±1.5 
kca 1/3-atom. 

Bakulina  and  Ionov  [83,  34],  by  means  of  the  method  of  surface 
Ionization,  determined  the  differences  of  the  electron  affinities  of 
the  atoms  of  all  halogens  (see  p.  464).  The  absolute  value  of  the  quan¬ 
tity  A  (Br),  however,  was  not  determined  but  was  taken  from  paper  [3330]. 
Bayley  [623],  on  the  basis  of  mass-spectrometricai  measurements  of  the 
ion  concentration  during  the  evaporation  of  KBr,  f ound  A  (Br)  —  —80.94;  1.5 
kcal/g-atom.*  Cubicciotti  [1229]  ^(Br)  =  — 79,5+ 1  kcal/g-atom  as  the 
res  It  of  calculations  according  to  the  Born-Haber  cycle  on  the  basis 
of  published  data  on  the  heat  of  formation  of  halogen  compounds  of  al¬ 
kali  metals,  monatomic  halogens  and  alkali  metals  in  the  gaseous  state 
and  the  lattice  energies  of  the  corresponding  salts,  calculated  in 
theoretical  manner  in  paper  [1229].** 

On  the  basis  of  the  above  data  on  the  measurements  of  A  (Br)  and 
taking  Into  account  the  differences  between  the  electron  affinities  of 
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F,  Cl,  Br  and  I  (see  p.  464)  we  accept  in  the  present  Handbook  the  fol¬ 
lowing  value: 

A(Br)  *=  — 8I^I;S  kcal/g-atom 
To  this  value  of  A  (Br)  corresponds 

A«°/#(Br.  )  =  —  52,822 ±  1.5  kcal/g-atom 

Br^  (liquid).  In  order  to  carry  out  thermodynamic  calculations  it 
is  necessary  to  know  the  enthalpy  of  liquid  bromine  at  temperatures 
293*15  and  298.15°K.  In  most  Handbooks  these  values  are  chosen  on  the 
basis  of  measurements  (2587.3899,3418,5581  .  In  1958  Hildenbrand,  Kramer, 

McDonald  and  Stull  [2070]  made  new  more  accurate  measurements  of  the 
specific  heat  and  the  melting  heat  of  bromine,  according  to  which 

—Hl~  5768  ±  10  ca  1/mole 
Him.u  —•//«  =  5859  ;£  10  cal/mole 
These  values  are  accepted  in  the  present  Handbook. 

The  results  of  measurements  of  the  vapor  pressure  of  bromine 
were  considered  and  generalized  by  Lewis  and  Randalx  [2604]  and  later 
by  Kelley  [2355]*  The  values  A//cta,u  =  7,588  kcal/mole  [26o4j  and  7*685 
kcal/nole  [2355]  correspond  to  the  analytical  expressions  suggested  by 
these  authors  for  the  dependence  of  the  heat  of  evaporation  of  bromine 
on  the  temperature. 

Smius  and  Canneguieter  [3800]  measured  the  heat  of  evaporation  of 
bromine  at  283.15°  K  oy  means  of  the  method  of  direct  condensation  and 
obtained  A/fog,,.,,—  7,471  -jl 0,02  kcal/mole.  A  recalculation  of  this  quan¬ 
tity  for  298. 15°K  yielded  the  values  7*34  kcal/mole  [3508]  and  7*39 
kcal/mole  [930]. 

Hildenbrand  and  coworkers  [2070]  measured  the  heat  of  evaporation 
of  bromine  at  298. 15°  K  by  means  of  the  compensation  method.  The  value 
obtained  in  paper  [2070], 

A//Cz».is(Br„  «.«  )  =  is (BrJt  ««)-=  7,387  +  0,027  kcal/mole 


-  526  - 


Is  the  most  accurate  one  among  the  values  available  in  literature  and 
is  accepted  in  the  Handbook.* 

Br^(gas).  On  the  basis  of  an  analysis  of  the  results  of  specto- 
scopic  analyses  of  bromine  [2498,  991>  994]  Gaydon  [1668]  recommends 
a  value  of  19,575  cm  for  the  limit  of  convergence  of  the  band  sys¬ 
tem  —  X*2*  of  the  Br9  molecule.  Since  the  Br«  molecule  in  the  B^IIp. 

n  c.  c. 

p  p  r*' 

and  Br  state  dissociates  into  the  atoms  Br  (  P^g)  +  (  pi.)>  the  ■®r2 
sociation  energy  in  the  ground  state  X^2  is  equal  to  19>575  '*■  C  685  = 


=  15,890  cm-1,  or 


D, (Br J  =  45,434  +  0,03  kca  1/mole 


This  value  is  used  in  the  Handbook.  It  is  in  good  agreement  with  the 
convergence  limit  of  the  i4*nw— band  system  (15,920  cm-1) 
which  corresponds  to  a  dissociation  of  Br2  into  the  atoms  Br  (*P>/J  +  (*/\„). 

BrO  (gas).  The  dissociation  energy  of  the  BrO  molecule  was  deter¬ 
mined  in  1958  by  Durle  and  Ramsay  [1153]  as  the  result  of  investigat¬ 
ing  the  4*11  —  X2!!  band  system  in  the  absorption  spectrum  of  this  mole¬ 
cule.  The  limit  of  convergence  of  the  ,4*11—  X*H  band  system  was  not  ob¬ 
served  in  paper  [1153]  and  therefore  Durie  and  Ramsay  estimated  it  with 

the  help  of  a  short  graphical  extrapolation  and  an  extrapolation  on  the 

o 

basis  of  own  data  on  the  constats  of  BrO  in  the  A  n  -state.  The  so  ob- 

2 

tained  energy  of  the  dissociation  limit  of  the  A  II  -state  with  respect 

o  -1 

to  the  level  v  =  0  of  the  X  n  -state  was  equal  to  35*200  ±  200  cm  . 

p 

The  BrO  molecule  in  the  A  n  -state  dissociates  into  atoms  Br(V)+O(l0> . 
Tne  dissociation  energy  of  BrO  in  the  ground  state  is  equal  to  35*200 
cm-1  -  15,868  cm-1  =  19,338  cm”’*'  or 

D,(6r0)  =  55,3  ±  0,6  kca  1/mole** 

To  the  accepted  "lue  cf  the  BrO  dissociation  energy  corresponds 

LH°f%  (SiO,  «•»)  =  31,865  ±  0,6  kca  1/mole 
BrF  (gas).  The  dissociation  energy  of  the  BrF  molecule  may  be  de- 
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tertnined  with  high  accuracy  on  the  basis  of  results  of  investigating 
the  band  systems  —  XlS*  and  B^nQ+  —  X1^,  obtained  by  Brodersen 
and  Sicre  [9733*  The  authors  of  [9733  determined  the  limits  of  conver¬ 
gence  of  the  bands  of  these  systems  and  found  19,200  ±  30  and  22,  915  ± 

±  20  cm"1,  respectively.*  A  dissociation  of  the  BrP  molecule  into  none- 
excited  atoms  corresponds  to  the  first  value  and  a  dissociate  on  of  BrP 
into  either  Br  (2Po/o)  and  P  (2Pi)  and  into  Br  (2Pi )  and  P  (2Pi)  and  Br 

2  J/  2  2  2 

(  *3/2^  corresponds  to  the  second.  Since  the  difference  between  the  li:> 
its  of  convergence  of  the  band  systems  B%Q+ -  X1^  and  >1*11*  —  X*2*  is 
similar  to  the  excitation  energy  cf  the  bromine  atom,  it  may  be  consid¬ 
ered  as  proved  that  the  BrP  molecule  in  the  B^nQ+  state  dissociates  into 
F  (2Pi)  and  P  (2P3/2)-  Then  J)Q  (BrP)  =  22,915  -  3685  =  19,230  ±20  cm”1,  < 

D0(BrF)  —  54,98  +  0,06  kcal/mole 
This  value  is  used  in  the  Handbook.  To  it  corresponds 

A  AT/,  (Brr  «..)  =  —  8,302  +  0,5  kcal/mole 
BrCl  (gas).  Blair  and  Yost  [838],  on  the  basis  of  results  of 
measuring  the  heat  of  reaction  of  Br2  with  Cl2  in  liquid  CCl^  and  of 
measuring  the  heat  of  dissolution  of  Br2  and  Cl2  in  CCl^,  determined 
the  value  of  the  heat  of  formation  of  a  BrCl  solution  3n  CCl^  and  ob¬ 
tained  —1.982  ±  0.030  kcal/mole.  The  fact  that  there  are  no  data  on  the 
heat  of  dissolution  of  BrCl  in  CCl^  renders  it  impossible  to  use  this 
quantity  in  calculations  of  the  heat  of  formation  of  gaseous  BrCl. 

The  results  of  measurements  of  the  equilibrium  constants  of  the 
reacts  on 

2  BrCl  (*» )  Br*  («" )  +  Cl, («•* )  ‘  (10.1) 

are  given  in  Table  66.  The  last  column  contains  the  values  of  the  heat 
effect  of  this  reaction,  calculated  on  the  basis  of  the  thermodynamic 
functions  of  the  components  of  the  reaction  (10. 1)  accepted  in  the  Hand¬ 
book. 
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TABLE  66 

"Values  of  the  Heat  Effect  of  the  Reaction  (10. 1)  Calculated  on  the  Ba¬ 
sis  of  Measurements  of  the  Equilibrium  Constants. 


AMOPM 


rpefi  n  Craft*  {1845]  .  .  . 

Boer  (4366) . 

Ahkkhhcom  m  Mjdaok  (co> 

rjucito  [3663]) . 

Bccnep  k  Poaa«J>coh  (4103] 
Bpaysp  m  Bmktop  (90S] .  . 
I  Eaamhck  h  UliOTtta  (2221) 


10  Uiiomia  (3663]  .  .  . 
u  Bhcom  n  Boer  ]717| 


2  Me ro*  aceecjouaiii 


I  HmepcHHe  iiktchciiihocth  noraouteaua  caera 
,,  napauM  Br»,  Cl«^i  BrO 
u  To  ace 


>  Kiuepcmic  Aaa.icmia  napoa  Bfj  h  Cl,  aaa  pa- 

14  cnjuumii  rajioiiiHux  coach  (KC1,  KBr  u  ip.) 
|  HiMepeHiie  aanAOHHH  napoa  Br,  ii  Cl,  maa  pac- 

15  naacaMii  ra*oujHux  ccueft  (A^CI,  AgBr  a  ap.) 
I  MiMepeHiie  AaaAeHHH  napoa  a  CMcreMe 

16  Clj—Br,—  BrO  —  NOO  -  NOBr  -  NO 
s 


r.»K 

if  3 

'  1 

1  AW. 

298,15 

0,128 

377 

298.15 

0,16 

245 

298.15 

0,12 

416 

301,15 

0,107 

488 

298,15 

0.144 

349 

1073,  :s 

0,12 

1554 

773.15 

0,1325 

693 

1073.15 

0,140 

1224 

4G2.15 

0,148 

461 

l)  Authors;  2)  method  of  investigation;  3)  cal/mole;  4)  Gray  and  Styl 
[1845];  5)  Yost  [4366];  6)  Dickinson  and  Mardok  (according  to  £3663]) 

7)  Vesper  and  Rollefson  [4103];  8)  Brauer  and  Viktor  [905 j;  9)  Jelli- 
nek  and  Schutza  [2221];  10)  Schutza  [3663];  11)  Beeson  and  Yost  [717]; 
12)  measurement  of  the  intensity  of  light  absorption  in  Br2,  Cl2  and 
BrCl  flames;  13)  ditto;  14)  measurement  of  the  vapor  pressure  or  Br? 
and  Clp  above  melts  of  halide  salts  (KC1,  KBr,  etc.);  15)  Measure¬ 
ment  ^of  the  vapor  pressure  of  Br2  and  Cl?  above  melts  of  halide  salts 
(AgCl,  AgBr,  etc. )  16)  measurement ^of  the  Vapor  pressure  in  the  sys¬ 
tem  Cl2  -  Br2  -  BrCl  -  N0C1  -  NOBr  -  NO. 


The  measurements  at  high  temperatures  made  by  Je.LJ.inek  and  Schut¬ 
za  [2221]  and  SchUtza  [3663]  are  less  accurate  than  others  since  in 
these  measurements  neither  the  bromine  and  chlorine  dissociation,  nor 
the  vapor  pressure  of  the  halide  salts  were  taken  into  account.  The 
values  calculated  on  the  basis  of  the  other  papers  are  in  good  agree¬ 
ment,  their  mean  value  amounting  to  A//*  —  0.39  ±0,1  kcal/mole.  A  similar 
value  was  calculated  by  Butkov  [112]. 

The  value  of  the  heat  of  formation  of  BrCl  used  in  the  Handbook, 
Airf9(BrCI.  «••)  =  5,297  ±0,05  kcal/mole 

is  based  on  results  of  measuring  the  equilibrium  of  (10. l);  the  value 

Dt(B<rCI)  =  51,431  ±u,m»  kcal/mole 
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Chapter  11 

IODINE  AND  ITS  COMPOUNDS  WITH  OXYGEN,  FLUORINE,  CHLORINE  AND 

BROMINE 

(I,  I“,  I2,  10,  IF,  IC1,  IBr) 

The  present  chapter  deals  with  monatomic  and  diatomic  iodine,  the 
I”  ion  and  the  diatomic  compounds  of  iodine  with  oxygen,  fluorine, 
chlorine  and  bromine  in  gaseous  state. 

Besides  10  we  know  the  following  oxygen  compounds  of  iodine:  IgO^, 
I20^,  I2°5>  ^2°8  and  *4°9‘  these  compounds  exist  only  in  the  con¬ 
densed  state  and  on  heating  they  decay  easily  into  the  elements.  The 
most  stable  iodine  oxide,  IgO^  decays  at  275°C- 

Among  the  iodine  -fluorine  compounds  we  know  IF  (gas),  IF^  (solid) 
and  IFy  (solid).  Iodine  pentaf.luoride  possesses  a  comparatively  high 
thermal  stability:  its  decomposition  into  the  elements  sets  in  at  temp¬ 
eratures  above  400°C.  IFy  displays  a  still  higher  thermal  stability, 
it  decays  at  temperatures  above  500°C. 

Apart  from  the  compound  IC1,  considered  in  the  Handbook,  another 
extremely  unstable  compound,  ICl^,  was  found  to  exist  in  the  system 
iodine  -chlorine  (at  77 °C  this  compound  is  almost  entirely  dissociated 
into  IC1  and  Clg). 

Among  the  iodine  -bromine  compounds  only  IBr  Is  known. 

Since  all  multiatornic  compounds  of  Iodine  with  oxygen,  fluorine, 
chlorine  and  bromine  are  only  stable  at  low  temperatures,  the  data 
given  in  the  present  Handbook  describe  sufficiently  accurate  the  thermo¬ 
dynamic  properties  of  the  systems  Iodine  -oxygen,  iodine  -fluorine,  io- 
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dine  -bromine  at  temperatures  above  500°C. 

The  compounds  of  iodine  with  hydrogen  and  its  isotopes  are  dealt 
with  in  Chapter  12,  the  iodine-derivatives  of  methane  in  Chapter  17. 

§42.  TIT'S  MOLECULAR  CONSTANTS 

2 

I.  In  the  electron  ground  state  P  the  iodine  atom  has  the  elec¬ 
tron  configuration  Is*  2s*  2p* 3s*  3p*  3a10  4s*  4p*  4d10  5sJ  5/>*  .  The  excited  elec¬ 
tron  3tates  of  I  are  not  considered  in  the  present  Handbook  since  their 
excitation  energy  exceeds  50,000  crrT^.  Table  68  gives  the  accepted  val¬ 
ues  of  energy  and  statistical  weights  of  the  two  ground  state  compo¬ 
nents  of  the  I  atom  (according  to  data  given  in  the  Handbook  [2941]). 

I~~,  The  negative  ion  of  monatomic  iodine  has  a  ground  state  of 
the  type  ^S  with  an  electron  configuration  analogous  to  the  electron 
configuration  of  the  xenon  atom.  Obviously,  the  1“  ion  has  no  discrete 
excited  electron  states  since  their  energies,  judging  from  the  data 
available  of  the  isoelectronic  atom  of  Xe,  must  exceed  the  ionization 
potential  of  this  ion. 


TABLE  68 

Energy  Levels  of  the  I  Atom 
and  the  1“  Ion 


2 

1  COCTODNM 

Cramcm* 

aecKn* 

MC 

5 

6 

Atom 

MeKTpORIII 

KOM*nryp*diin 

^  - 

4 

TCptf 

dNcpmi. 

or* 

i 

...5s*  5 p* 

*P% 

4 

0 

A 

...5s*  5p* 

*P% 

2 

7598 

J- 

A 

— 5s*  5/>* 

>S 

1 

0 

l)  State;  2)  atom;  3)  electron 
configuration;  4)  term;  5)  sta¬ 
tistical  'weight;  6)  energy, 

cm-'1'.  A)  J  =  iodine. 

Ig.  The  Ig  molecule  belongs  to  a  small  group  of  molecules  whose 
spectra  were  thoroughly  studied  in  a  wide  interval  of  wavelengths,  both 
in  absorption  and  in  emission.  Summaries  of  the  results  of  Ig  spectro- 
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scopic  analyses,  published  from  1948  to  1950,  may  be  found  in  Herz- 
berg’s  book  [2020]  and  in  the  handbook  [649].  Later  on,  detailed  re- 
sumes,  comprising  the  results  of  the  subsequent  investigations,  were 
compiled  by  Mathieson  and  Rees  [2808]  and  Haranath  and  Rao  [19553* 

The  electron  ground  state  of  the  Ip  molecule  is  a  state  and 

Q 

the  first  excitea  state  is  a  JIIu  -state.  Owing  to  the  fact  that,  ac¬ 
cording  to  Mulliken  [2998],  the  character  of  the  spinorbital  coupling 
in  the  Ip  molecule  corresponds  to  Gund's  case  c  the  excited  electron 
state  3nu  is  essentially  splitted  into  four  independent  states: 

’ll,*, ’IV.  *11,*,  *11*,  . 

ft  « 

With  the  transition,  to  the  state  AJn^u  the  band  system  A  —  X 

(XX  9300  —  8375  A)  is  connected.  The  electron  state  was  studied 

u 

in  the  band  systems  B  «-  X  (XX  8600  -  4300  A),  B  —  X  (XX  67OO  -  5000  A) 
and  D  —  B  (XX  4420— 4C00A).  Indications  as  to  the  observation  of  a  3n2u- 
state  may  be  found  in  the  paper  by  C.  Rao  and  V.  Rao  [3388]  who  inter¬ 
preted  the  bands  they  observed  in  the  ultraviolet  fluorescence  spec¬ 
trum  as  pertaining  to  an  electron  transition  from  the  unstable  state 
3n2g  to  the  stable  state  3n2u.  The  vibration  frequency  cf  the  I?  tnole- 
cule  in  ~'n2u-state  was  approximately  determined  by  the  authox’s  of  pa¬ 
per  [3888]  as  being  equal  to  380  cm”^.  Prom  calculations  made  by  Mulli¬ 
ken  [2998]  it  follows  that  the  3n2u-state  must  lie  below  ^n^-state 

(see  p.  512).  The  3nQ  -state  of  the  I2  moV  ’le,  just  as  those  of  the 

u 

molecules  of  other  diatomic  halogens,  a.  i  not  investigated  by  experi¬ 
ment.  In  the  present  Handbook  this  state  is  assumed  to  be  stable. 

1  + 

The  vihrational  constants  of  Ip  in  the  X  2  state  were  determined 
for  the  first  time  by  Loomis  [2645]  from  experimental  data  of  Mecke 
[2827].  Processing  these  data,  Loomis  established  the  numeration  of  the 
bands  on  the  basis  of  a  comparison  of  the  absorption  and  the  fluores- 

II 

cence  spectra.  The  vibrational  constants  found  by  Loomis  (u>£  =  114.36, 
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II  tf  n 

a>exe  =  0.593  cm  )  were  determined  according  to  the  edges  of  30  bands 
of  the  system  —  X1!}  •  The  values  of  the  vibrational  constants  of 

Ip  in  the  electron  ground  state  were  also  determined  by  Brown  [992]  ac- 
cording  to  the  edges  of  62  bands*  of  the  system  x  2g  ~ 

«  214.6,  =  0.6  cm”1)  and  by  Rank  [3371]  as  the  result  of  an  analy¬ 

sis  of  the  resonance  fluorescence  spectrum  of  I0  (co  =  214.57  and  x  = 
a  0.6127  cm”1).**  Later  on  Rank  and  Baldwin  [3372]  studied  the  reson¬ 
ance  fluorescence  spectrum  of  Ip  with  the  help  of  a  Fatry-Perot  inter¬ 
ferometer,  combined  with  a  plane  diffraction  grating  and  improved  the 
accuracy  of  the  previous  measurements  by  orders  of  magnitude.  The  vibra¬ 
tional  constants,  calculated  by  Rank  and  Baldwin  [3372]  describe  sat¬ 
isfactorily  the  vibrational  levels  of  I0  with  v"  <,  36. 

The  values  of  the  vibrational  constants  of  the  Ip  molecule  in  the 
state  X1st,  obtained  by  Rank  and  Baldwin  [3372],  are  used  in  the  pre- 

O 

sent  Handbook  and  are  compiled  in  Table  69.  This  table  contains  also  the 
constant  of  anharmonicity,  calculated  by  Mathieson  and  Rees  [2808] 

according  to  data  of  Rank  and  Baldwin  in  order  to  improve  the  conver¬ 
gence  of  the  vibrational  energy  levels  to  the  dissociation  limit.  Study- 

O 

the  Ip  emission  spectrum  in  the  range  XX  2730  —  2486  A,  Verma  [4l00j 
measured  the  edges  of  the  band  system  G  —  X,  due  to  transitions  to  high¬ 
er  vibrational  levels  of  the  ground  state  (vH  =  4l  —  70).  The  wave 
numbers  of  the  band  edges  of  this  system  are  satisfactorily  described 
by  the  vibrational  constants  given  in  TaoLj  69. 

The  rotational  constants  of  the  electr  ground  state  of  the 
Ip  molecule  were  determined  by  Loomis  [2645]  (from  the  absorption  spec¬ 
trum)  and  by  Rank  and  Baldwin  [3372]  (from  the  resonance  fluorescence 
spectrum).  The  values  of  the  constants  Be,  ae,  Dq  obtained  in  paper 
[3372]  are  accepted  in  the  present  Handbook  and  given  In  Table  69.  Loo¬ 
mis  [2645]***  obtained  values  of  these  constants  which  agree  with  them 
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with  them  within  the  limits  of  error, 


The  interatomic  distance  in  the  electron  ground  state  of  Ig  was 
determined  from  electron  diffraction  pictures  [2325J  (rQ  =  2.662  A) 
and  agrees  with  the  values  calculated  Jrom  the  rotational  constant  (se 
Table  69).  The  rotational  constants  of  Ig  in  the  excited  electron 
states  were  not  determined. 


TABLE  69 


1)  Molecule;  2)  state;  3)  cm“J' 

3 

a<Ve  =-1*30-10"  ,  u>eze  *  -5.25-10"6, 

%%  ”  1-60-10“^,  <j^se  =  +8.26-10"licnT'L 

bThe  excitation  energies  of  the  states  3IU,  and  are 

dU  O 

u 
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close  to  the  exitation  energies  of  the  states  A-3!!,  and 
u 

2  •*,-+<>.«*  cm-1; 

G  0,0003  or*. 

*  *JFt  «  +0,0078  or*. 

*  «*A- “0.013  (jr*. 

P  *i« — 0,7*  10**  cu~l. 

^Estimate; 

^Calculated  from  Eq.  (1.38)1 
“Calculated  from  Eq.  (I.36). 

1Por  IC137  Be  *  0,1093209,  =  5.02.10 cm-1. 

m<Deye  °“°-  °3366l  cm”1; 

^ean  value  of  oj  .  For  IBr7^  <0  =  266.4  cm-1  and  for 
o-i  e  ,  e 

IBr  oe  =  268.4  cm--1. 

°o)eye  =-0.1156,  oieze  =  3.09-10”3,  ojete  =  2.5-10"5  cm-1 


The  data  on  the  excited  electron  states  of  the  Ig  molecule  with 
excitation  energies  <J  50,000  cm-1,  contained  in  Table  69,  are  based 
on  recommendations  of  Mathieson  and  Rees  [2808]  and  Haranath  and  Rao 
[1955]  who  analyzed  the  results  of  many  spectroscopic  analyses  of  Ig. 
Haranath  and  Rao  studied  also  a  series  of  band  systems,  corresponding 
to  transitions  to  high  excited  states  of  Ig.  In  particular,  these  re¬ 
searchers  were  the  first  who  discovered  the  electron  states  E3^  and 

O  x 

In  paper  [1955a]  Haranath  and  Rao  published  the  results  of  ad¬ 
ditional  studies  of  the  D1^  —  B3^-*-,  band  system,  lying  in  the  range 
XX  4400-3900  A.  u 

The  band  edges  of  this  system,  measured  in  [1955a],  which  correspond 
to  v*  =  0-20  and  v"  =  7—45,  are  well  described  by  the  values  of  the 
vibrational  constants  of  Ig  in  the  states  D1!*  and  B3IIq+  given  in  Table 


10.  The  electron  ground  state  of  the  10  molecule  is  of  the  type 
x2n.  10  bands  are  observed  both  in  the  emission  spectrum  in  the  case 
of  excitation  in  flames  containing  iodometnane  admixtures  [4049,  837, 
1154,  1427,  1428],  and  in  the  absorption  spectrum  in  pulsed  photolysis 
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of  mixtures  of  iodine  vapor  and  oxygen  [1428]. 

10  bands  were  first  observed  by  Vaidya  [4049]  in  the  spectrum 
of  flames  of  methyl  alcohol  mixed  with  methyl  iodide.  Later  on  the 
10  band  structure  was  analyzed  by  Blake  and  Iredale  [8373,  Coleman, 
Gaydon  and  Vaidya  [11543  and  Durie,  Begay  and  Ramsay  [1427 J.  Blake 
and  Airdale  determined  the  edges  of  12  bands  and  found  the  following 
values  of  the  vibrational  constants  of  10  (in  cm”1):  —  686,  «*x’ =  6.5 

andw«  **  541,8, mext  —  16.  Coleman,  Gaydon  and  Vaidya,  on  the  basis  of  mea¬ 
surements  of  the  wavelengths  of  30  band  edges  recommended  somewhat  dif¬ 
ferent  values  (in  cm-1) :  o',  —  687.  <££  —  5  and  —  512.  o,x,  =  5. 

The  most  detailed  spectrum  analysis  of  10  was  carried  out  by 
Durie,  Legay  and  Ramsay  [14273.  In  this  work  the  10  spectrum  was  excit¬ 
ed  in  the  diffuse  flame  of  hydrogen,  saturated  with  iodomethane  vapor 
and  recorded  in  the  second  order  of  a  21-foot  concave  grating.  In  the 
10  spectrum  the  rotational  structure  of  8  bands  (0-2,  0-3,  0-4,  0-6, 

2-0,  2-2,  2-9,  3-0)  could  be  resolved  and  the  edges  of  another  10  bands 
were  measured,  bands  which  did  not  possess  a  clear  discrete  structure."* 
An  analysis  of  the  rotational  structure  of  the  eight  bands  mentioned 
above  showed  that  the  bands  pertain  to  a  system  connected  with  the 

transition  j4*n — JC*n  ,  where,  owing  to  the  intense  spin  splitting  of 

o 

the  excited  state  A  II,  in  each  band  only  a  single  suboanu,  —  *ny  * 
is  to  be  observed.  The  values  of  the  molecular  constant.’  of  10  in  the 
states  and  A2n,  recommended  in  paper  [14273  are  accepted  in  our 
Handbook  and  are  compiled  in  Table  69.  It  must  be  noted  that  the  vi¬ 
brational  constants  of  10  calculated  by  Durie,  Legay  and  Ramsay,  yield 
a  very  accurate  description  of  the  edges  of  all  bands  measured  in  paper 
[1427]  as  well  as  In  papers  [1154,  1428]  published  previously. 

IF.  The  IF  molecule  has  the  ground  state  X12+.  The  IF  emission 
was  studied  by  Durie  [14231  who  worked  with  a  device  whose  dispersion 
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amounted  to  6  A/mm  at  4500  A  and  20  A/mm  at  6500  A.  In  the  spectrum 
42  bands  of  the  system*!!#*  —  X*S+,^ere  observed  which  corresponded  to 
v*  ^  11  and  v”  ^  9.  The  vibrational  constants  of  IP  in  the  states  X^X 
and  B*!!**,  ,  calculated  by  Durie  according  to  the  band  edges 

are  given  in  Table  69.  The  rotational  constants  of  IP  in  the  ground 
state  X*2,  given  in  Table  69,  were  calculated  from  the  value  i’j.p  = 

O 

1Y91  *  0.01  A,  estimated  by  Schomaker  and  Stevenson  [3648]  with  the 
help  of  the  relation  tab  —  rA  +  rn  —  0,09  (X*  —  Xa) ,  where  r^,  r3  are  co¬ 
valent  radii  and  XA,  Xg  the  electronegativities  of  the  elements  A  and 
B.  The  applicability  of  this  relation  to  IP  is  verified  by  the  coinci¬ 
dence  of  the  measured  and  calculated  values  of  the  interatomic  distan- 

o 

ces  of  C1F  and  BrF,  within  the  limits  of  0.01  A. 

Other  systems  have  not  been  observed  so  far  in  the  IF  spectrum 
though,  in  analogy  to  molecules  of  other  diatonic  interhalogen  com¬ 
pounds,  it  may  be  expected  that  the  IP  molecule  must  possess  a  series 
of  electron  states  with  low  excitation  energies,  particularly  a  - 
state  with  an  energy  lower  than  that  of  the  ^HQ+  state. 

IC1.  The  electron  spectra  of  the  IC1  molecule  were  studied  in 
both  emission  and  absorption  in  wide  interval  of  wavelengths,  from 
the  near  infrared  up  to  vacuum  ultraviolet  (cf.  [996,  I236,  11?8,  1179 
1950,  1952,  2152a,  2153,  1261,  4096]).  In  these  spectra  transitions 
were  observed  between  eight  electron  states  of  IC1.  Like  the  molecules 

of  other  Incerhalide  compounds,  the  IC1  molecule  has  a  ground  state 

l  +  ^ 

of  the  type  X  and  the  first  excited  state  is  a  -'ll  -state. 

The  molecular  constants  of  IC1  In  the  electron  ground  state  were 
determined  as  the  result  of  studying  the  band  system  .4*11,  <-A’,X+  in  the 
papers  of  Barbyshire  [1261],  Curtis  and  Patkowski  [1236],  Hulthen, 
Johansson  and  Pilsater  [2153].  In  the  present  Handbook  the  values  of 
the  vibrational  constants  of  IC1  in  this  state  were  chosen  according 


to  data  of  Curtis  and  Patkowski  [1236],  who  studied  the  >4*11,  *-  J?*2;*band 
system  with  a  high-dispersion  device  and  analyzed  the  rotational  struc-  1 
ture  of  12  bands  of  this  system  (v"  =  2,  v‘  =  9-14).  The  accepted  val¬ 
ues  of  the  vibrational  constants  of  IC1  (cf.  Table  69)  were  calculat¬ 
ed  by  them  from  the  wave  numbers  of  the  beginnings  of  the  bands  and 
agree  with  the  values  found  by  Darby shire  from  the  band  edges  of  sev¬ 
en  progressions  (v 1 ,  v,!),  where  xf  =  1—7  (w,  =  384,6  and  o>exe  *1.6  cm”1) 
and  Hulthen,  Johansson  and  Pilsater  from  data  of  the  bands  v"  £  2,  v' 

*  9-18  (o>  =  384.294  and  ox  =  1.501  cm”1  for  ICl^).  The  value  of 
the  rotational  constant  of  IC1  found  by  Curtis  and  Patkowski  (Be  = 
0.1l4l4  cm”1  for  ICl^)  is  in  go  1  agreement  with  the  value  obtained 
by  Townes  et  al.  [4010],  investigating  the  IC1  microwave  spectrum  and 
that  accepted  in  the  present  Handbook  (see  Table  69). 

The  molecular  constants  of  IC1  in  the  state  A^llj,  given  in  Table 
69,  were  borrowed  from  a  paper  of  Curtis  and  Patkowski  [1236].  Ov.ing 
to  the  fact  that  in  the  system  >1*11,  —  X*2*  only  transition  to  high  vibra¬ 
tional  levels  of  the  -  state  are  observed,  the  accuracy  of  the 
used  values  of  the  constants  and  the  excitation  energy  of  this  state  is 
not  high.*  The  values  of  the  constants  o>e  and  o>exe  in  the  state  A^^. 
found  by  Curtis  and  Patkowski,  are  in  good  agreement  with  the  values 
obtained  by  Haranath  and  Rao  [1950]  in  studying  the  c*2  —  A*n,  band 
system. 

The  molecular  constants  of  IC1  in  the  state  b\+,  given  in 
Table  69,  were  obtained  by  Brown  and  Gibson  [996],  Investigating  the 

£>IV  —  X*L*  band  system. 

o. 

The  state  B^nQ+  is  in  strong  interaction  with  the  repulsive  state 
0+.  Owing  to  this  interaction  the  IC1  molecule  in  the  B^n^+  state  has 
only  three  vibrational  levels  and  may  exist  in  the  stable  state  B’0+, 
whose  potential  curve  has  a  minimum  in  the  zone  of  intersection  of  the 


O  x 

-  of  the  potential  curves  of  the  states  B  n^-t*  ana  0  . 

Besides  the  four  stable  electron  states  mentioned,  we  know  that 

■»  * 

the  XC1  molecule  may  also  possess  another  state  (Cx2  )  with  an  excita¬ 
tion:  energy  below  50,000  cm-1.  The  molecular  constants  of  IC1  in  the 
Jn  the  C*2+  state  are  given  in  Table  69,  on  the  basis  of  data  obtained 
by  Haranath  and  Rao  [ 1950  3 . 

tt>.  The  electron  spectrum  of  the  IBr  molecule  was  studied  in 

the  papers  [995,  H79,  583,  1178,  1950,  1954,  4096],  dealing  with  the 

band  system  connected  with  transitions  between  nine  stable  electron 

states  of  IBr.  Just  as  with  other  diatomic  interhalogen  molecules,  the 

1  + 

electron  ground  state  of  IBr  Is  a  2  -state  and  the  first  excited 

o  -5 

state  is  a  -state.  Two  components  of  the  latter  state,  A^n^  and 

«»no*  ,  were  found  by  experiment.  The  band  system  >4*11,  —  A'1!* 

and  B3nQ+  «-  X12+  of  the  IBr  molecule  were  investigated  b>  Eroun  [9953 

O  1 

who  observed  67  bands  of  the  system  AJn1  *-  X  2  with  the  values  v”  - 
*  0-4,  v*  *  9-44  and  14  bands  of  the  system  B3nQ+  -  X12+  with  v"  = 

3-7,  v’  =*  2-5.  Moreover,  Brown  discovered  that,  owing  to  the  inter¬ 
section  of  the  potential  curve  of  the  state  B^Ii0+  with  the  potential 
curve  of  the  repulsive  state  0+,  a  stable  electron  state  of  the  type 

1  4.  *  +  1 

B  0  forms.  In  the  band  system  BO  —  X  2  Brown  observed  75  bands  cor¬ 
responding  to  v"  =  0-4,,  v”  s,  8-37*  In  order  to  determine  tr-  vibration¬ 
al  constants  of  the  ground  state.  Brown  used  the  data  for  all  three- 
band  systems,  selecting  the  bands  for  which  the  Isotope  shift  of  i‘re- 
quencies  has  been  measured.  The  vibrational  constants  of  IEr  In  the 
ground  state,  found  by  Brown,  were  accepted  in  our  Handbook  and  are 
compiled  in  Table  69. 

O 

The  vibrational  constants  of  the  IBr  molecule  in  the  states  AJfI1, 
B^IIq4.  and  B’0+,  just  as  the  constants  of  another  three  states  (C~*jr~, 
and  E^Z+),  whose  excitation  energy  does  not  exceed  50,000  cm  ~  (of. 


Table  69) ,  are  given  In  our  Handbook  according  to  data  of  Venkateswarlu 
and  Verma  [4096]. 

The  rotational  structure  of  the  Ifir  bands  was  not  resolved  in 
works  published  before  i960.  The  interatomic  distance  r/C Br§  «■  2,475  K 
given  in  Table  69  was  estimated  by  the  authors  of  the  Handbook  as  the 
halfsum  of  re(l2)  and  re(3r2)  (see  Tables  69  and  64).  The  error  of  the 
estimated  value  of  re(XBr)  was  assumed  as  equal  to  +0.01  A  since  the 
value  of  re(BrCl),  calculated  analogously,  coincides  with  that  found  by 
experiment  with  an  accuracy  of  up  to  0.001  A  and  the  value  of  r  (IC1) 
with  an  accuracy  of  up  to  0.005  A.  The  value  of  the  constants  B  of  the 
XBr  molecule  in  the  state  XlZ*  given  in  Table  69  was  calculated  with 
the  help  of  the  estimated  value  of  r  (iBr)  and  thereafter,  according  to 
Eqs.  (1.38)  and  (1.36),  the  constants  0^  and  DQ*  were  calculated. 

§43.  THE  THERMODYNAMIC  FUNCTIONS  OF  THE  OASES 

The  thermodynamic  functions  of  gaseous  iodine  and  its  diatonic 
compounds  with  fluorine,  chlorine,  bromine  and  oxygen,  calculated  with¬ 
out  taking  into  account  the  intermolecular  interactions,  are  given  for 
the  temperatures  from  293*15  to  6000°K  in  Tables  67,  68,  69,  70,  74, 

75,  76  of  Vol.  II  of  the  Handbook.  Because  of  the  absence  of  data  on 
the  constants  of  the  intermolecular  potential,  our  Handbook  does  not 
contain  any  data  on  the  quantities  necessary  to  allow  for  the  intermo¬ 
lecular  interactions  in  the  thermodynamic  functions  of  iodine  and  its 
compounds  in  the  gaseous  state. 

I.  The  thermodynamic  functions  of  gaseous  monatomic  iodine,  given 
in  Table  67  (II),  were  calculated  by  means  of  Eqs.  (11.22)  and  (II. 23) 
in  which  the  following  values  were  assumed:  Ag  =  7.1544  and  A,,  *» 

-  12.1225  cal/g-atom*deg.  The  electron  components  were  calculated  ac¬ 
cording  to  Eqs.  (11.20),  (H.21)  on  the  basis  of  data  of  Table  68  on 
the  energy  levels  of  the  iodine  atom. 


The  errors  of  the  values  of  the  thermodynamic  functions  of  I, 

..given  in  Table  67  (IX) »  do  not  exceed  0.005  cal/g-atom*deg  and  are  due 
to  inaccuracies  of  the  values  of  physical  constants  used. 

The  thermodynamic  functions  of  monatomic  iodine  were  previously 
baTculated  by  Murphy  [3007]  (up  to  1500°K),  Zeise  [4377],  Brewer  [1093] 
4up;jto  2000 °K) ,  Ooff  et  al.  [17873  (up  to  2778 °K),  Evans  et  al.  [1514] 
(up  to  5000°K,  and  Kelley  [2363,  2360 J.  Differences  between  the  values  of 
the  thermodynamic  functions  calculated  in  paper  [1514]  and  those  given  in 
Table  67  (II )  are  due  to  the  fact  that  different  values  were  used  for  the 
physical  constants  and  amount  to  0.001  cal/g -atom. deg.  The  divergences 
between  the  results  of  papers  [3007,  5466,  1093]  are  much  greater  (up  to 
6. 03  cal/g  -atom. deg ]  and  are  also  due  to  the  usage  of  different  values 
of  the  physical  constants.  Zeise  [4384]  uses  the  results  of  calculations 
by  Murphy  [3007].  In  the  Handbooks  [3680,  3894]  the  thermodynamic  func¬ 
tions  of  monatomic  iodine  given  were  borrowed  from  [1514].  Goff  et  al. 
*17871  calculated  the  specific  heat  of  monatomic  iodine  up  to  2777. 78°K 
*$000°R).  The  differences  between  the  thermodynamic  functions  of  mon¬ 
atomic  iodine,  calculated  in  the  first  and  in  the  present  Editions  of 
the  Handbook  (about  0.005  cal/g -atom. deg)  are  caused  by  the  usage  of 
different  values  of  the  physical  constants  in  the  calculations. 

I~.  The  progressive  components  of  the  thermodynamic  functions 
of  negatively  charged  monatomic  iodine  were  calculated  according  to 
the  values  of  and  A<,  given  above  for  monatomic  iodine.  The  electron 
components  are  equal  to  zero. 

* 

The  errors  of  the  calculated  values  of  are  due  to  inaccuracies 
of  the  physical  constants  used  in  the  calculations  and  don  not  exceed 
0.005  cal/g-atom*deg.  Differences  between  the  results  calculated  in 
the  first  and  in  the  present  Editions  of  the  Handbook  are,  just  as  in 
the  case  of  I,  due  to  the  fact  that  other  physical  constants  were 
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used.  Other  calculations  of  the  thermodynamic  functions  of  1“  are  un¬ 
known  in  literature. 

TABLE  70 

Values  of  the  Constants  used  in  Calculations  of  the  Thermo¬ 
dynamic  Functions  of  Gaseous  Ig »  10,  IF,  IC1,  IBr. 


1” 

•cmdfrao 

• 

*♦10* 

Pi-10* 

fclO* 

«• 

r 

IVl 

C* 

* s 

2  ,fai 

— 

— 

— 

3 

4  imi'mihM  1 

-“i2 

308,2 

2,8330 

0,3233 

0,106 

18,63537 

4,556 

13,1546 

20,6101 

IF 

877,7 

4,9180 

0,6278 

0,402 

2,49329 

4,204 

9,3858 

16.3413 

10 

890,49 

6,2952 

0,795-1 

0,649 

2,05078 

.  4,357 

11,6904 

18,6459 

IC1 

549,85 

3,7942 

0,4679 

0,222 

6,16694 

4,323 

11.5099 

18,4594 

IBr 

384,7 

2,8796 

0,3411 

0,117 

12,40541 

4,384 

13,6144 

20,5699 

1)  Substance;  2)  degree;  3)  deg"*1;  4)  cal/toole* deg. 


Tp.  The  thermodynamic  functions  of  gaseous  diatomic  iodine,  given 
in  Table  69  (II)  were  calculated  from  Eqs.  (2.161)  and  (2.162).  The 
quantities  In  2  and  T~  in  2  in  these  equations  were  calculated  by  means 
of  the  Gordon-Bames  method,  allowing  for  corrections  for  the  limita¬ 
tion  of  summation  over  I  [Eqs.  (2.137)  and  (2.138))  on  the  basis  of  the 
molecular  constants  of  I2  given  in  Table  69.  The  values  of  the  constants 
Co.Cs.  0  and  x,  as  well  as  the  coefficients  of  Eqs.  (2.137)»  (2.138), 
'fere  calculated  from  the  accepted  molecular  constants  of  Ig  given  in 
Tabl  70.  The  components  of  the  excited  electron  states  of  the  I0  mole¬ 
cule  were  calculated  from  Eqs.  (2.120),  (2.121),  i.e. ,  without  al¬ 
lowing  for  the  differences  of  the  constants  of  the  gas  molecules  in  the 
ground  state  and  in  the  excited  state.  The  individual  components  of 
the  3nu  -state  were  considered  as  a  single  state  with  the  statistical 
weight  6  an  ran  excitation  energy  equal  to  the  half sum  of  the  excita¬ 
tion  energies  of  the  states  3nQ+  and  .  Other  excited  states  of  Ig 

u 

(see  Table  69)  are  not  taken  into  account  in  the  calculations. 

The  errors  of  the  calculated  values  of  the  thermodynamic  functions 
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of  diatomic  iodine  at  low  temperatures  are  due  to  inaccuracies  ol‘  the 
used  values  of  the  molecular  and  physical  constants  and  do  not  exceed 
6,01  cal/mole* deg.  At  high  temperatures  they  grow  rapidly,  mainly  ow¬ 
ing  to  the  fact  that  it  is  impossible  to  allow  sufficiently  well  for 
the  components  of  the  excited  electron  states  of  the  I2  molecule,  since 
the  necessary  data  are  not  available.  The  errors  of  the  values  of 
♦hwM* . and  $£qqq  given  in  Table  69  (II)  are  estimated  to  amount  to 
Oi-01,  0.02  and  0.2  cal/mole* deg,  respectively. 

The  thermodynamic  functions  of  diatomic  iodine  were  previously 
calculated  by  Murphy  [3007]  (4>*  up  to  1500°K)  according  to  Kassel* s 
method,  by  Zeise  [4377]  up  to  2000°K)  in  the  harmonic  oscillator  - 
rigid  rotator  approximation.  Brewer  [1093]  (S£  and  —  H°  up  to  2000°K), 
Evans  et  al.  [1514]  (up  to  3000°K)  according  to  the  method  of  Mayer 
and  Goppert-Mayer.  Differences  of  the  results  of  calculations  made  in 
[4377,  3007,  1093]  and  the  values  given  in  Table  69  (II)  do  not  exceed 
6.02  cal/nole*deg  at  low  temperatures  and  may  be  explained  by  differ¬ 
ences  in  the  values  used  for  the  molecular  and  physical  constants;  at 
high  temperatures  they  reach  0. 0 6  cal/mole*  deg  and  are  mainly  due  to 
different  methods  of  calculation  applied  in  the  papers  mentioned  and 
in  the  Handbook.  Zeise,  in  the  book  [4334],  gives  the  results  of  cal¬ 
culations  he  made  earlier  [4377].  Brewer  [1093]  uses  values  of 
calculated  by  Murphy  [3007]  and  Zeise  [4377].  In  the  Handbooks  [3680, 
3894]  and  in  the  paper  of  Shirley  and  Giauque  [3709]  the  data  obtain¬ 
ed  by  Evans  at  al.  [1514]  are  used.  Kelley  [2363]  gives  the  values  of 
UT  —  tfsM.u  and  Sj-  —  Si up  to  1500°  and  an  equation  for  the  specif¬ 
ic  heat  of  Ig. 

Differences  in  the  results  of  calculations  of  the  thermodynamic 
functions  in  the  first  and  the  present  Editions  of  the  Handbook  do  not 
exceed  0.01  cal/mole »deg  at  low  temperatures.  At  high  temperatures  these 
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reach  0.2  and  0.8  cal/mole*deg  with  the  values  of  ^  and  Sy,  respec¬ 
tively,  since  in  the  First  Edition  of  the  Handbook  the  necessity  of 
limiting  the  summation  over  I  was  ignored. 

10.  The  thermodynamic  functions  of  gaseous  iodine  monoxide,  10, 
given  in  Table  70  (II),  were  calculated  from  Eqs.  (2.161),  (2.162)  on 
the  basis  of  the  values  of  molecular  constants  contained  in  Table  69* 
The  quantities  In  2  and  T^lnZ  were  calculated  according  to  the  Gor- 
don-Barnes  method  [Eqs.  (2.137)>  (2.138)]  without  introducing  correc¬ 
tions  for  the  limitation  of  summation  over  I.  The  values  of  the  quan¬ 
tities  C®,  Cj,  0  and  x  as  well  as  the  coefficients  of  Eqs.  (2.137)# 
(2.138),  were  calculated  according  to  the  accepted  molecular  constants 
of  10  given  in  Table  70.  Since  the  10  molecule  has  an  electron  ground 

p 

state  of  the  type  n,  the  terms  R  In  4  are  included  in  the  values  of 
and  Cg.  A  more  accurate  consideration  of  the  multiplet  nature  of  the 
state  of  10  was  impossible  since  the  coupling  constant  of  this 
state  had  not  been  determined.  In&M  and  T^lnAj*  ir  Eqs*  (2.161)  and 
(2.162)  were  therefore  assumed  to  be  equal  to  zero.  The  components  of 

O  f 

the  excited  state  A“H  in  the  values  of  <t>T  and  were  calculated  ac¬ 
cording  to  Eqs.  (2.120),  (2.121)  l.e. ,  without  allowing  for  the  differ¬ 
ences  between  the  constants  of  10  in  the  ground  state  and  in  the  ex¬ 
cited  electron  state. 

The  errors  of  the  calculated  thermodynamic  functions  of  10  are  of 
the  orders  of  0.7,  0.2  and  0.2  cal/mole*deg  for  the  values  of  at 
298.15#  3000  and  6000°K,  respectively.  At  low  temperatures  these  errors 
are  due  to  the  approximate  consideration  of  the  multiplet  nature  of  the 
electron  ground  state  of  10,  while  at  temperatures  above  2000-3000°K 
they  are  caused  by  the  insufficient  accuracy  of  the  known  constants  of 
10  and  the  absence  of  data  on  the  other  excited  states  of  this  molecule. 

The  thermodynamic  functions  of  10  were  the  first  that  were  publls- 
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IF.  The  thermodynamic  functions  of  gaseous  iodine  monofluoride 
-given  in  Table  74  (II)  were  calculated  from  Eqs.  (2.l6l),  (2.162)  on 
the  basis  of  the  molecular  constants  of  IF  compiled  in  Table  69.  The 
quantities  In  2  and  '"'llnS  were  calculated  by  the  Gordon-Barnes  method, 
taking  into  accour ’•  she  corrections  for  the  limitation  of  summation 
over  the  rotational  quantum  number  [Eqs.  (2.137)  and  (2.138)).  The  com¬ 
ponents  of  the  excited  electron  states  of  the  IF  molecule  were  calculat¬ 
ed  with  the  help  of  Eqs.  (2.120)  and  (2.121)  with  a  statistical  weight 
of  the  %  electron  state  chosen  equal  to  6  and  with  an  energy  of  this 
state  taken  equal  to  the  excitation  energy  of  the  state  ^nQ+. 

The  values  of  C^,  Cg,  0  and  x,  as  well  as  the  coefficients  of  Eqs. 
(2.137)  and  (2.138),  calculated  according  to  the  accepted  constants  of 
IF,  are  contained  in  Table  70. 

The  errors  of  the  calculated  values  of  at  298. 15,  3000  and 
6000°K  amount  to  0.05,  0.1  and  0.2  cal/mole*deg,  respectively.  These 
errors  are  at  low  temperatures  due  to  inaccurate  values  used  for  the 
molecular  constants  of  IF,  particularly  to  those  of  the  vibrational  con¬ 
stants  and  the  constants  BQ  and  a^,  and  at  high  temperatures  they  are 
caused  by  the  approximate  consideration  of  the  excited  electron  states. 

Previously  the  thermodynamic  functions  of  iodine  monofluoride 
were  calculated  by  Evans  et  al.  [1514]  (up  to  I500°K)  according  to  the 
method  by  Mayer  and  Goppert-Mayer,  and  Cole' and  Elverum  [1140]  (up  to 
2000 °K).  Differences  between  the  results  of  calculations  of  [1514]  and 
the  values  given  in  Table  74  (II),  do  not  exceed  0.02  cal/mole-deg  and 
are  caused  by  different  physical  and  molecular  constants  used.  The  dif- 
ferences  between  the  values  of  calculated  in  paper  [1148]  and  the 
data  of  Table  74  (II)  are  much  greater;  they  reach  0.3  cal/mcle*deg,  ow¬ 
ing  to  the  fact  that  In  paper  [1148]  errors  were  admitted  In  the  calcu- 


lations.  In  the  Handbook.  [3680]  and  in  the  book  [424]  we  find  the  re¬ 
sults  of  calculations  by  Evans  et  al.  [514]. 

IC1.  The  thermodynamic  functions  of  gaseous  iodine  monochloride 
given  in  Table  75  (II)  were  calculated  from  Eqs  (2.l6l)  and  (2.162). 

The  quantities  In  2  and  T~  in  2  *ere  calculated  according  to  the  Gtor- 
d on-Bar nes  method,  allowing  for  corrections  for  the  limitation  of  sum¬ 
mation  over  I  and  using  the  molecular  constants  of  IC1,  given  in  Table 
69.  The  quantities  C.i„CStd,x  and  the  coefficients  of  Eqs.  (2. 137)* 
(2.138),  calculated  with  the  accepted  values  of  the  molecular  constants 
of  IC1,  are  given  in  Table  ?0.  The  components  of  the  exci*  ..  electron 
states  were  calculated  according  to  Eqs.  (2.120),  (2.121)  with  a  sta¬ 
tistical  weight  of  the  electron  state  equal  to  6  and  with  an  exci¬ 
tation  energy  of  this  state,  assumed  as  equal  to  the  half sum  of  the 
energies  of  the  states  ^IIq+  and  The  electron  states  B*0+  and  *2+ 

of  the  IC1  molecule  were  not  taken  into  consideration  in  calculating 
the  thermodynamic  functions  of  iodine  monofluoride.  The  main  errors  of 
the  calculated  thermodynamic  functions  of  IC1  are  at  low  temperatures 
due  to  inaccuracies  of  the  physical  constants,  at  high  temperatures  to 
inaccurate  values  of  the  vibrational  constants  of  IC1  in  the  state 
X12+  and  approximate  consideration  of  tne  excited  electron  states  of 
this  molecule.  They  amount  to  0.01,  0.03  and  0.2  cal/Wle*deg  with  the 
values  of  $>*  at  298.15,  3000  and  6000°K,  respectively. 

The  thermodynamic  functions  of  iodine  monochloride  were  previous¬ 
ly  calculated  by  Evans  et  al.  [1514]  (up  to  1500°K)  and  Cole  and  El- 
verum  [1148]  (up  to  2000°K)  according  to  the  method  of  Mayer  and  G5p- 
pert  Mayer.  Divergences  between  the  results  of  calculations  in  [1514, 
1148]  and  the  values  contained  in  Table  75  (II)  amount  to  about  0.04 
and  about  0.01  cal/mole*deg,  respectively,  and  are  explained  by  the 
fact  that  different  values  of  the  molecular  constants  were  used.  In  the 
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Handbook  [3680]  and  in  the  book  [424]  we  find  the  thermodynamic  func¬ 
tions  of  IC1  borrowed  from  paper  [1514].  In  paper  [2364]  Xelley  gives 
the^reBults  of  calorlmetrical  determinations  °f  ^„w(lCl)  which  are  in 
satisfactory  agreement  with  the  values  contained  ?n  Table  75  (II).  In 
ilie  summary  of  [23633  Kelley  gives  the  values  of  H\  —  H’mxt  and  - 
HI98  16  (up  to  2000°K)  and  also  an  equation  for  the  specific  heat  of 
TCI. 

TBr.  The  thermodynamic  functions  of  gaseous  iodine  monobromide  giv¬ 
en  ih  Table  7 6  (II)  were  calculated  from  Eqs.  (2.i6l)  and  (2.162).  The 
values  of  In  2  and  T-JLlnS  were  calculated  with  the  help  of  the  Gordon- 
Barnes  method,  taking  into  account  corrections  for  the  limitation  of 
simulation  over  I  [Eqs.  (2.137)  and  (2.138)]  and  making  use  of  the  mole¬ 
cular  constants  given  in  Table  69.  The  quantities  C®.  Cs,  8  and  x,  as 
well  as  the  values  of  the  coefficients  in  Eqs.  (2.137),  (2. 138),  were 
calculated  with  the  values  accepted  for  the  molecular  constants  of  IBr, 
given  in  Table  70.  The  components  of  the  excited  electron  state  n  were 
calculated  from  Eqs.  (2.120),  (2.121)  with  a  statistical  weight  taken 
equal  to  6  and  with  an  excitation  energy  assumed  to  be  equal  to  the 
half sum  of  the  energies  of  the  states  nQ+  and  ■'n^. 

The  states  B’C*  and  12+,  just  as  other  states  with  energies  higher 

* 

than  35*000  cm-*  (see  Table  69)  are  not  considered  in  the  calculation. 
The  errors  of  the  calculated  values  of  at  298.15*  3000  and  6000°K 
are  of  the  order  0.02,  0.04  and  0.2  cal/faole-deg,  respectively. 

The  thermodynamic  functions  of  iodine  monobroralde  were  previously 
calculated  by  Evans  et  al.  [1514]  (up  to  1500°1T)  -  foie  and  Eiverum 
[1148]  (up  to  2000°K)  according  to  the  method  of  Mayer  and  Goppert-May- 
er,  and  Zeise  [4379]  (up  to  2000°K)  in  the  approximation  of  the  model 
of  rigid  rotator  -harmonic  oscillator.  The  differences  between  the  re¬ 
sults  of  calculations  in  [1514]  and  the  values  given  in  Table  76  (II) 
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do  not  exceed  0.02  cal/mole-deg  and  are  due  to  the  fact  that  different 
molecular  constants  of  IBr  were  used  in  paper  [1514]  and  in  the  pre¬ 
sent  Handbook.  The  differences  between  the  results  of  calculations  in 
[1148,  43791  and  the  corresponding  values  contained  in  Table  7 6  (II ) 
are  much  greater  (up  to  0.1  cal/mole«deg)  owing  to  the  fact  that  in  pa¬ 
per  [1148]  an  incorrect  value  was  used  for  the  rotational  constant  of 
IBr  which  differs  strongly  from  that  given  in  Table  69,  while  in  paper 
[4379]  an  incorrect  method  of  calculation  was  applied.  Zelse  [4364] 
borrows  the  results  of  calculations  from  [4379] J  in  the  Handbook  [3680] 
and  in  the  book  [424]  we  find  the  results  from  paper  [1514],  in  Kelley’s 
resumes  [2364,  2360]  the  results  of  calorimetrical  determinations  of 
Sggs  obtained  by  other  authors;  in  the  summary  of  [2363]  Kelley  gives 
the  values  —  andSf—SLy.  up  to  2000°K  and  an  equation  for  the 

equation  of  the  specific  heat  of  IBr. 

§44.  THE  THERMODYNAMIC  QUANTITIES 

The  standard  state  of  iodine  Ig  (cryst.). 

I  (gas).  The  heat  of  fomation  of  monatomic  gaseous  Iodine 
A//70(X,  ... )  =  25,587  ±0,030  kcal/g-atom 
is  calculated  on  the  basis  of  the  dissociation  energy  and  the  heat  of 
formation  of  I2  (gas)  accepted  in  the  present  Handbook  (see  below). 

I~(gas).  In  Pritchard’s  paper  [3330]  a  review  is  given  of  all  pa¬ 
pers  published  until  1953  and  dealing  with  the  determination  of  the 
electron  affinity  of  the  iodine  atom.  Pritchard  recommends  a  value  of 
A  (i)  =  —74.6  ±1.5  kcal/g-atom.  The  very  same  value  is  recommended  In 
Buchel’nikova's  review  article  [116].  Bakulina  and  Ionov  [83,  84]  mea¬ 
sured  the  difference  between  the  values  of  the  electron  affinities  of 
the  atoms  of  all  halogens  (see  p.  464).  With  the  help  of  the  data  from 
[83>  84]  and  the  value  of  A  (Br)  accepted  in  the  Handbook,  we  may  find 


A  (I)  =  —74.8  kcal/g-atom  which  agrees  with  the  value  recommended  by 


Pritchard.  A  similar  value,  A  (I)  =-73-3  i  1.7  kcal/g-atom,  was  cal¬ 
culated  from  Bayley’s  data  [6233  who  measured  the  quantity  A  (Br)  — 
A(l)>  In  the  Ionization  of  IBr  on  an  incandescent  tungsten  wire.* 

In  the  present  Handbook  the  value 

A(l>=-74.8±1,S  kcal/g-atom 
has  been  accepted,  to  which  corresponds 

A#*/, (I-,  «•»)=*—  49,013 ±1,5  kcal/g-atom 
Io  (cryst. ).'  The  specific  heat  of  crystalline  iodine  was  measured 
at  temperatures  from  10  to  300°K  by  Nernst,  Koref  and  Lindeman  [3044], 
?Nernst  [3041,  3042],  GUnther  [18893  and  Lange  [2558].  Frederick  and 
Hildebrand  [1602]  measured  the  specific  heat  of  crystalline  iodine  in 
the  interval  325-386. 8°K.  A  paper  of  Brounshteyn,  Yudin  and  Lukovskiy 
[108]  contains  a  table  on  the  thermodynamic  functions  of  crystalline 
iodine,  obtained  on  the  basis  of  analyzing  and  processing  the  results 

of  a  great  many  investigations,  according  to  which** 

«I*=3105  cal/mole, 

#mw- #1  =  3171  cal/mole. 

The  errors  of  these  data,  used  in  our  Handbook,  amounts  to  ±  20  cal/mole. 

Ip  (gas).  Brounshteyn,  Yudin  and  Lukovskiy  [108]  considered  the  re¬ 
sults  of  iodine  vapor  pressure  measurements  obtained  in  the  papers 
[3365»  694,  695»  9H»  1912,  1746].  It  was  shown  that  the  most  accurate 
data  were  obtained  by  Gillespie  and  Fraser  [1746]  at  low  temperatures. 
The  measurements  of  the  other  authors  were  roade  at  higher  temperatures 
and  are  therefore  less  reliable- ***  In  the  Handbook  we  accept  the  fol¬ 
lowing  value  of  the  heat  of  sublimation  of  iodine: 

«*•*  )  =  Aff7,(>»  ««)  =  15,608  ±  0,050  kcal/mole 
a  value,  recommended  in  paper  [108]  on  the  basis  of  experimental  data 
obtained  by  Gillespie  and  Fraser  [1746].**** 

The  most  accurate  value  of  the  dissociation  energy  of  the  Ig  mole¬ 
cule  was  obtained  by  determining  the  limits  of  the  band  range  and  the 


continuous  range  of  the  absorption  spectrum  corresponding  to  the  tran¬ 
sition  ♦  —  X'2.  Herzberg  [2020]  and  Gaydon  [l4l],  on  the  basis  of 
data  obtained  by  Kuhn  [2498],  accept  a  value  of  20,037  cm"1  for  the 

energy  of  the  dissociation  limit  of  the  B^HQ+  state  (correlated  with 

u 

the  states  f(*P%)+  !  (*P%)  of  the  iodine  atoms),  from  which  the  following 
value  of  the  dissociation  energy  of  I2  in  th~  state  X1^  is  obtained; 
20,037  cm"1  —  7598  cm"1  =  12,439  cm"1.  This  value  is  in  good  agreement 
with  the  value  12,445  cm"1  found  by  Brown  [992]  from  the  limit  of  con- 

■3  -1 

vergence  of  the  A^n.^  —  X  2  band  system.  In  the  present  Handbook,  Just 
as  in  Herzberg' s  and  Gaydon' s  monograph,  a  value  of  the  dissociation 
energy  of  the  I2  molecule  is  accepted  that  was  calculated  from  Kuhn's 
data: 

D,(ijs  35,5664:0,030  kcal/mole 

10  (gas).  The  IO  dissociation  energy  was  determined  by  Coleman, 
Gaydon  and  Vaidya  [1154]  on  the  basis  of  a  linear  extrapolation  of 
the  energies  of  12  lower  vibrational  levels  of  the  ground  state:  DQ(I0)  - 
=  44  ±  5  kcal/mole. 

Durie  and  Ramsay  [1428],  from  a  linear  extrapolation  of  the  first 
four  vibrational  levels  of  the  A2n  excited  state,  found  that  =  10,200 
cm.  Since  the  dissociation  energies  of  CIO  and  BrO  in  the  A  n  states 
are  lower  by  about  10$  than  the  values  obtained  by  a  linear  extrapola¬ 
tion  of  several  lower  levels,  Durie  and  Ramsay  used  the  value  D£  (10)  » 

=  9200  cm"1.  Taking  into  account  the  excitation  energy  of  thic  state, 
equal  to  21,476  cm"  ,  and  assuming  that  the  10  molecule  In  the  A  II  state 
dissociate  into  the  atoms  +0(!D)  >  Ddrle  and  Ramsay  obtained  a 
value  of  D,  =  14  800  ±  1800  cm"1  or  42  ±  5  kcal/foole*  for  the  10  dissocia¬ 
tion  energy.  Preferring  the  values  obtained  by  extrapolating  the  vibra¬ 
tional  levels  of  the  ground  state,  we  accept  the  following  value**  in 
the  present  Handbook: 
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D,(iO)-44±5  kcal/mole 


to  which  corresponds : 

AiT/.(iO.  ~)  -  40,574  ±  5  kcal/mole 

IF  (gas).  Durie  and  Gaydon  [1426],  by  means  of  a  short  graphical 
^extrapolation  of  11  lower  levels  of  the  excited  state  B^nQ+,  determin¬ 
ed  the  dissociation  energy  of  If  in  this  state :Do—  4615 ±  300cm"1.  The 
dissociation  limit  of  the  *0+  state,  which  is  by  23,570  ±  300  cm-1 
higher  than  the  lower  level  of  the  X'^s  state  of  IF,  corresponds  to  the 
dissociation  into  one  excited  and  one  nonexcited  atom,  just  as  with 
the  molecules  of  other  diatomic  interhalide  compounds.  According  to 
the  states  of  the  I  and  F  atoms,  to  which  the  B*R0+  -state  of  IF  cor¬ 
responds,  the  dissociation  energy  of  this  molecule  in  the  ground  state 
is  equal  to  23,166  ±  300  cm”1  (IF  -*  F  +  i  (*?%))  or  15,978  ± 

300  cm”1  (IF  —  F  (VyJ  +  ‘  (*/*%))  .  Dur?e  arj  Gaydon  [1426],  on  the  bas¬ 

is  of  the  mean  values  of  the  I  —  F  bond  energies  In  the  IF^  and  IFy 
molecules,  accepted  the  lower  value.  The  conclusions  drawn  by  Durie 
and  Gaydon  were  subject  to  a  critical  analysis  by  Slutsky  and  Bauer 
[3767]  and  Evans,  Manson  and  Wagman  [1514].  The  arguments  of  these  au¬ 
thors  are,  however,  not  Indisputable.  A  substantiated  selection  of  one 
of  the  two  possible  values  of  DQ  (IF)  seems  to  be  impossible  at  pres¬ 
ent.  A  comparison  with  other  interhalogen  compounds,  as  in  the  case 
of  C1F  (see  p.  506),  cannot  serve  as  a  basis  of  such  a  selection. 

In  the  Handbook  we  accept  a  value  of  the  dissociation  energy  equal 
to  23,166  ±  300  cm”1,  or 

D#(«F)  =  66,2  ±  1,2  kcal/mole 

The  error  of  the  accepted  value  of  J)q  (IF)  Includes  the  error  of 
determining  the  energy  of  the  dissociation  limit  of  IF  in  the  state 
b3d0+,  caused  by  the  extrapolation  of  the  vibrational  levels  but  does 
not  allow  for  the  error  arising  owing  to  the  indeterminacy  of  the  elec- 
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tron  states  of  the  IF  dissociation  products. 

A  value  of 

A -0  -  -22,il3±l,3  kcal/mole 
corresponds  to  the  accepted  value  of  the  dissociation  energy. 

IC1  (gas).  In  the  papers  by  Gibson  and  coworkers  [1726,  996]  the 
limits  of  convergence  of  the  IC1  band  were  determined  for  the  systems 
jWIj  —  Xl2,  B* —  and  B'0+  —  -  In  paper  [1726]  it  was  found 

that  the  dissociation  limit  of  the  IC1  molecule  in  the  A^n^  -state  Is 
equal  to  17,410  ±  30  cm-1  to  which  the  nonexcited  dissociation  pro¬ 
ducts  1  (7P>£  +  Cl  correspond.  In  accordance  with  these  results,  it 
was  found  in  paper  [996]  that  the  dissociation  limit  of  IC1  in  ehe 
states  B^IIq+  and  B’O*  is  equal  to  18,260  ±  30  cm  *,  to  which  I  (^3/2)  + 

+  Cl  (2Pi)  corresponds.  These  data  were  used  by  Gaydon  [1668]  in  oidar 
2 

to  calculate  the  IC1  dissociation  energy j  a  value  of  D,  (*C1)  =  49,78  ±  0. i 
kcal/mole  corresponds  to  it.  This  value  agrees  with  the  results  of  mea¬ 
suring  the  equilibrium  constants  of  the  reaction 

2ra  <««)  «,  (.*•)  +  a,  («.),  (n.i) 

obtained  by  Me  Morris  and  Yost  [2723]. 

3 

Later  on  the  dissociation  limit  of  the  IC1  molecule  in  the  A  - 

state  was  determined  by  precision  measurements,  described  in  papers 

[1443a]  and  [2152a].  Ebelhard,  Cheng  and  Renner  [1443a]  studied  the 

magnetic  rotation  in  the  ICl^  spectrum,  corresponding  to  the  A^I^  ■*- 

<-  x*2  transition.  They  detected  the  levels  of  vibrational  energy  of 

the  ICl^  molecule  in  the  A^I^  -state,  up  to  V  =28  and  observed  the 

disappearance  of  the  spectrum  of  magnetic  rotation  at  17*357  ±  3  cm-*, 

which  they  identified  with  the  limit  of  convergence  of  the  bands  in 

the  system  —  Xlt  .  Hulthen,  JSrlsSter  and  Koffman  [2152a]  studied 

the  band  system  in  high  resolution  up  to  v’  **  35*  where 

3 

the  system  of  vibrational  energy  levels  of  IC1  in  the  A  -state  .  i 
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breaks  off,  and  discovered  a  new  system  of  vibrational  energy  levels 
ofici  near  the  dissociation  limit  of  the  A^n1  -state,  which  lies 
above  the  previously  known  level  system  that  ends  at  v'  =  35.  They 
designated  this  new  system  of  vibrational  energy  levels  by  X^,  X2,  X^, 
r  ...  Paper  [2152a]  reports  on  the  observation  of  the  levels  X, ,  X2, 
X^^X^,  X^;  it  was  found  in  it  that  the  disappearance  of  the  spectrum 
|of' magnetic  rotation  at  17# 357  cm-1,  observed  in  [1443a],  corresponds 
to  the  X^  -level.  Prom  the  limit  of  convergence  of  the  progression  of 
;  X- revels,  Hulthen,  JSrlsSter  and  Koffman  determined  the  dissociation 
limit  of  the  ICl^-'  molecule  in  the  -state  as  equal  to  17,366.0 
±  0.5  cm”1,  to  which  a  value*  of 

D,(tCl)  =  49,654  ±  0,001  kcal/mole 

corresponds.  This  value  of  DQ  (IC1)  is  accepted  in  the  present  Hand¬ 
book.  To  it  corresponds 

A1ST7.  VQ.  «..)  -  4,483  ±  0,030  kcal/mole 

IBr  (gas).  Milller  [2969],  Bodenstein  and  Schmidt  [856],  McMorris 
and  Yost  [2723]  studied  the  equilibrium  of  the  reaction 

2iBr(***)S  **(«•»)  Br*  (■■•).  (ll»  2) 

The  values  of  the  equilibrium  constants  and  the  values  of  the  thermal 
effects  of  the  reaction  (11.2)  and  the  heat  of  formation  of  IBr,  ob¬ 
tained  by  different  authors  on  the  basis  of  these  equilibrium  constants, 
are  contained  in  Table  71- 

Blair  and  Yost  [838]  determined  the  reaction  heats  of  I2  and  Br2 
with  liquid  CCl^  and  the  heat  of  dissolution  of  the  reaction  components 
in  CClj^.  A  calculation  according  to  the  data  of  Blair  and  Yost  shows 
that  the  heat  of  formation  of  IBr  (gas)  at  0°K  is  equal  to  11,986  cal/ 
mole. 

Yost,  Anderson  and  Skoog  [4360],  on  the  basis  of  data  obtained 
by  Blair  and  Yost  [838]  and  results  of  own  measurements  of  the  partial 

-  -o4  - 


vapor  pressures  of  the  reaction  components  of  (11.2)  above  a  solution 
in  CCl^,  determined  the  value  of  the  fret  energy  of  formation  of  IBr 
from  gaseous  Ig  and  Br2  (^298  15  =  “^90  cal/mole).  to  which  a  value 
of  &I°fQ  *  11 »85  kcal/mole  corresponds. 

TABLE  71 

Thermal  Effects  of  the  Reaction  (11.2)  and 
Heats  of  Formation  of  IBr,  Calculated  From 
the  Results  of  Measuring  the  Equilibrium  Con¬ 
stants 


A.ropu  1 


4  BoacHurrtfirt  k  UImhjt 

18561  . 

Max-MoppHC  k  Rocr 
12723]  ....  . 

»  »  - 
»  » 


T.'K 

*p 

578 

0,0130 

1433 

0,093 

388,2 

0,0016 

424,4 

0,002! 

449,2 

0,0025 

A/y  2  ,  A//v.aa). 

lUtetit  I  I/MPaI) 


1)  Authors;  2)  cal/mole;  3)  Muller;  4)  Boden- 
stein  and  Schmidt;  5)  Me  Morris  and  Yost 


TABLE  72 

Accepted  Values  (in  cal/mole)  of  the  Thermodynamic  Quantities  of 
Iodine  and  Its  Compounds 


Beotccrao 


L  -  2  ” 

|  Gocroaaie 

I 

3  r« 

i  » 

4  Kpacr. 
r*3 
» 

» 

» 

t 


l)  Substance;  2)  state;  3)  gas;  4)  cryst. 

aValue  of  the  energy  of  electron  detachment  from  an  I"  -ion. 


Brown  [995],  as  a  result  of  studying  the  IBr  absorption  spectrum, 
determined  the  limit  of  convergence  of  the  band  system  with 


D. 

AH*/. 

AW*4ai.is 

Haiti— H, 

25587 

23491 

25483 

1456 

1481 

74600* 

-49013 

—30366 

-50599 

1456 

1481 

— 

0 

0 

.  0 

3105 

3171 

35566 

15608 

14877 

14835 

2374 

2418 

44000 

40574 

40116 

40104 

2114 

2153 

03200 

—22113 

—22568 

-22580 

2134 

2174 

49654  ! 

4483 

4095 

4065 

2241  I 

2284 

47  917 

11878 

9738 

9702 

2326 

2369 

high  accuracy,  obtaining  l4,6t0  ±  5  cm"  .  The  value  of  the  IBr  disso- 


elation  energy  corresponding  to  it  is  equal  to 

Da(ifir)  as  41,917^; 0,015  kcal/mole 
and  is  accepted  in  the  present  Handbook.*  A  value  of 

11, 848 ±0.040  kcal/mole 

corresponds  to  it.  The  results  of  thermodynamic  measurements  and  mea 
surements  of  the  equilibrium  constants  of  the  reaction  (11.2)  yields 
similar  values. 


Chapter  12 

THE  COMPOUNDS  OP  HYDROGIN  AND  ITS  ISOTOPES  WITH  HALOGENS 
(HF,  DP,  TP,  HC1,  DC1,  TCI,  HBr,  DBr,  TBr,  HI,  DI,  Tl) 

The  present  chapter  deals  with  the  compounds  of  fluorine,  chlor¬ 
ine,  bromine  and  iodine  with  hydrogen,  deuterium  and  tritium.  Since 
the  differences  in  the  thermodynamic  properties  of  the  compounds  of 
protium  and  the  natural  isotope  mixture  of  hydrogen  are  insignificant, 
the  i  alogen  compounds  of  protium  are  not  considered  in  the  Handbook. 

Apart  from  the  simplest  molecule  HP,  in  hydrogen  fluoride  vapor 
there  exist  associated  molecules  (HF)t.  (HF)*,  (HF)* ,  etc. ,  which  are  sta¬ 
ble  at  high  pressures  and  comparatively  low  temperatures  (cf.  [356]). 

In  thermodynamic  calculations  of  processes  occurring  at  temperatures 
avcve  100°C,  such  molecule  associations  may  be  ignored  (with  the  ex¬ 
ception  of  the  cases  where  the  HF  vapor  pressure  Is  much  higher  than 
1  atm).  In  the  vapors  of  hydrogen  compounds  of  chlorine,  bromine  and 
iodine  associated  molecules  do  not  exist.  j 

The  stability  of  the  halogen-hydrogen  compounds  drops  sharply  | 

from  fluorine  to  iodine.  As  HF  Is  one  of  the  most  stable  fluorine  com-  1 

£3 

P 

pounds  and  does  not  dissociate  even  at  very  high  temperatures,  HI  dis-  1 

fir 

sociates  considerably  earlier  at  temperatures  of  200  —  300°C.  j 

p 

In  the  first  edition  of  the  Handbook  only  HF,  DF,  TF,  HQ,  HBr,  Hi  was  j 

considered.  In  this  edition  the  thermodynamic  functions  of  these  can-  | 

pounds  were  not  recalculated  since  the  improvements  of  the  molecular  § 

constants  of  these  gases  achieved  In  the  time  after  the  issue  of  the  1 

« 

8 

first  edition,  have  only  an  insignificant  influence  on  their  thernody-  i 


namic  functions. 

The  data  given  In  the  present  Handbook  permit  a  sufficiently 
accurate  calculation  of  the  composition  and  the  thermodynamic  proper¬ 
ties  of  the  system  formed  by  hydrogen  (and  its  Isotopes)  with  fluorine, 
chlorine,  bromine  an?  Iodine. 

§45.  THE  MOLECULAR  CONSTANTS 

Data  on  the  molecular  constants  of  diatomic  compounds  of  hydrogen 
and  Its  Isotopes  with  halogens  Is  mainly  based  upon  studies  of  the  In¬ 
frared  absorption  spectra  in  which  the  bands  are  observed  that  corres¬ 
pond  to  transitions  between  the  first  four  vibrational  states.  Pure 
rotational  spectra  (infrared  and  microwave)  of  molecules  of  several 
hydrogen  halides  were  also  studied.  The  electron  spectra  of  hydrogen 
halides  are  Investigated  Insufficiently. 

The  electron  ground  state  of  the  hydrogen  halide  molecules  is  a 
state.  It  follows  from  the  correlation  rule  by  Wlgner  —  Witmer  that 
the  first  excited  electron  states  of  the  hydrogen  halides  must  be  of 
the  type  1H  and  (cf.  [151],  P-  250).  In  spectroscopic  studies  tran¬ 
sitions  connected  with  -states  were  not  observed;  such  states  are 
obviously  unstable.*  The  stable  excited  electron  states  of  hydrogen 
halide  molecules  (3322]  found  by  experiment  have  excitation  energies 
higher  than  55,000  cm  and  are  therefore  not  considered  In  the  present 
Handbook. 

In  the  detennlnat *  on  of  the  molecular  constants  of  the  isotope 
variants  of  hydrogen  halides,  the  authors  of  the  original  papers  and 
of  the  present  Handbook  often  made  use  of  the  relations  of  (1.43)  which 
link  the  constants  of  different  isotope  modifications  of  diatomic  mole¬ 
cules. 

It  must  be  noted  that  the  values  of  the  molecular  constants  of  hy¬ 
drogen  halides,  among  them  those  obtained  from  Eqs.  (1.43),  give  a 
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good  description  of  the  energies  of  the  lower  vibrational  and  rota-  j 

tional  states  of  these  molecules.  But  the  accuracy  of  approximation  of  j 

high  vibrational  and  rotational  levels  of  the  electron  ground  states  ] 

of  hydrogen  halide  molecules  by  these  constants,  with  the  exception  of  j 

HF,  is  obviously  not  high.  j 

HF.  The  infrared  spectrui  of  gaseous  HF  in  the  range  364-1500  cm  j 

I 

and  the  ultraviolet  spectrum,  corresponding  to  transitions  from  the 

J 

levels  of  the  excited  electron  state  V12+  to  the  levels  of  the  ground  ] 

1  +  I 

state  X  2  ,  are  investigated.  1 

| 

The  molecular  constants  of  HF  in  the  electron  ground  state  were  j 

determined  as  the  result  of  studying  the  vibration-rotation  spectrum, 
by  Kirkpatrik  and  Salant  [2409],  Talley,  Kaylor  and  Nielsen  [39191# 

Naude  and  Verleger  [30331,  Benedict,  Bullock,  Silverman  and  Grosse  [7231, 
Kuipers,  Smith  and  Nielsen  (24991,  and  on  the  basis  of  studying  the  vi¬ 
bration-oscillation  spectrum  and  the  electron  spectrum,  by  Johns  and 
Barrow  [2258].  The  rotational  constants  of  HF  were  alBO  determined  on 
the  basis  of  studying  the  purely  rotational  Infrared  spectrum  of  this 
molecule  by  Smith  and  Nielsen  [37751* 

Kirkpatrik  and  Salant  [24093  calculated  the  vibrational  and  rota¬ 
tional  constants  of  HF  on  the  basis  of  an  own  analysis  of  the  bands 
3-0  and  4-0  and  of  results  of  measuring  the  1-0  band,  from  a  paper  by 
Imes  [21693  (see  Table  73).  The  vibrational  constants  of  HF,  calculated 
by  Kirkpatrik  and  Salant  [2409]  were  used  in  the  first  edition  of  Herz- 
berg’s  monograph  [151]  and  in  the  handbook  [649].  The  values  of  the  ro¬ 
tational  constants  given  in  the  book  [151 3  were  recalculated  by  Herz- 
berg  according  to  data  from  paper  [24093  (see  Table  73),  whereas  in  the 
handbook  [6491  values  are  used  that  were  obtained  in  earlier  studies  of 
the  vibration-rotation  spectrum  (39191. 

In  1950  new  results  were  published  of  investigations  of  the  HF 
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Table  73 

Values  (in  cm-1)  of  the  Molecular  Constants  of  HF  in  the  State  O 

According  to  Data  of  Various  Authors 


flKWMMM 

2 

KaMaanwa:  . 

a  Cuut 
(MBS.  MS  r. 

H.  ■  3 

bSTWc. 

Turn.  )• 

H  writ  ft  tt 
tut  r. 

BtttMMKt.  c 

Kyjuwa.  D 
CUNMW, 
Tyocc  17S1, 
aMr, 

KeBaepc.  c 
Cmkt  a  0 
HtMCM  1 
|MM|.  IBM  r. 

'  ■ - 

Airnac  a  < 

wSiTOr. 

*  4141,305 

4141,01 

4138,522 

4137,253 

4139,031 

•A 

*0,806 

•1,(0 

90,0(8 

— 

88,726 

90,43*24 

•A 

0,921 

*.« 

0,960 

— 

0,5334 

1,177722 

V* 

— 

— 

0,025 

— 

-0,0211 

0,0722748“ 

1 

20,820* 

20,9003: 

20,939 

.20,945 

20,9456 

20.9486 

'«» 

0,7523* 

0,7432 

0,7706 

0,751 

0.7888 

0.797107 

•» 

— 

— 

0,005 

— 

0.00873 

0,0140235* 

D. 

0,00215 

0,00106 

0,0022r 

0,00242** 

0,00213 

0.002151 

fc 

0,000256 

0,0002 

—  * 

0,000038 

0.0000587* 

— 

— 

— 

— 

1,76-tO-1 

a  4,32161- 10-*,  1,41709.10-*  om“l 


^According  to  calculations  made  by  Herzberg  [151]  with  data 
from  [2409],  taking  into  account  that  **20.967.  «,  =  o,87»  cm 
(the  value  of  the  constant  ou  is  not  given  in  the  monograph 
[1513), 

c  «■  — 1,1815*5-10-*,  c«  «.  1,0085-10-*,  <4 - 4,14067.10-*  cm"*1 

dValue  of  Dq  given; 
e  pi-— 1,44*7.10-*.  -3,2*55.  io-*c*-*. 

1)  Constant;  2)  Kirkpatrik  and  Salant;  3)  Naudi  and  Verleger;  4)  Tal¬ 
ley,  Kaylor,  Nielsen;  5)  Benedict,  Bullok,  Silverman,  Gross;  6)  Kui- 
pers.  Smith  and  Nielsen;  7)  Johns  and  Barrow. 


vibration-rotation  spectrum  [3033,  3919],  carried  out  in  order  to  im¬ 
prove  the  vibrational  and  rotational  constants.  Naud£  and  Verleger 
[3033]  obtained  the  bands  2-0,  3-0  and  4-0  with  resolved  structure  in 
first  and  second  orders  of  a  diffraction  grating  with  a  dispersion  of 

O 

2.6  and  1.3  A/ram,  respectively.  The  results  of  these  measurements,  to¬ 
gether  with  the  results  of  lines'  measurements  [21693  of  the  1-0  band, 
were  used  of  the  authors  of  paper  [30333  In  order  to  calculate  the 
molecular  constants  of  HF  (see  Table  73).  Talley  Kaylor  and  Nielsen 
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[3919] ,  by  mp.<ns  of  an  instrument  with  high  dispersion,  resolved  the 
rotational  structure  of  the  bands  1-0  and  2-0.  The  results  of  analys¬ 
ing  the  rotational  structure  of  these  bands,  obtained  in  paper  [3919], 
together  with  the  results  of  analyzing  the  bands  3-0  and  4-0,  obtained 
by  Kirkpatrik  and  Salant  [2409],  were  used  by  Talley,  Key lor  and  Niel¬ 
son  in  order  to  calculate  the  vibrational  and  rotational  constants  of 
HP.  The  latter  are  given  in  Table  73  and  were  accepted  in  the  second 
edition  of  Herzberg's  monograph  [2020]  and  in  the  first  edition  of  the 
present  Handbook.  The  values  of  the  molecular  constants  of  HP,  found  by 
Talley,  Kaylor  and  Nielson  [3919]  are  much  more  accurate  than  those 
obtained  earlier  by  Naud£  and  Verleger  [3033]  and  Kirkpatrik  and  Sal¬ 
ant  [2409]  as  this  may  be  seen  from  a  comparison  of  the  values  of  mole¬ 
cular  constants  of  HP,  obtained  in  papers  [3319,  3033,  2409]  and  in  the 
paper  by  Johns  and  Barrow  [2258]  where  theresults  of  previous  investi¬ 
gations  were  improved,  with  new  data  on  the  HP  spectrum,  obtained  by 
Johns  and  Barrow  (cf.  Table  73). 

Furthermore,  in  order  to  obtain  more  accurate  values  of  the  mole¬ 
cular  constants  of  HP  in  the  state  X^s,  the  HP  emission  spectrum  in  a 
H2  +  P2  flame  [723,  2755],  the  KF  absorption  spectrum  in  the  far  and 
near  infrared  [3775,  2499]  and  the  ultraviolet  spectrum  of  HP  were  stu¬ 
died  [2258]. 

The  emission  spectrum  of  HP  in  a  Ik,  +  Fg  flame  was  studied  by  Bene¬ 
dict,  Bullock,  Silverman  and  Grosse  [723]  in  the  range  363-II8O  cm" ^ 
and  Mann,  Boll  and  More  [27553  in  the  range  960-1820  cm*"*.  In  paper 
[723]  HP  bands  were  observed  which  correspond  to  v  <£  7  and  tsr  *=  1,  2,  3, 
(I  >  18).  The  data  obtained  in  paper  [7233,  however,  only  permit  an 
improvement  of  the  values  of  the  rotational  constants  (cf.  Table  73). 
Mann,  Boll  and  Moore  report  in  a  short  note  [2755]  on  own  measurements 
of  HF  bands,  corresponding  to  v  <.  9  and  v  «  3,  4,  5  (I  %*  20),  made  with 
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a  high-dispersion  instrument. 

Kulpers,  Smith  and  Nielsen  [24993  studied  t.ia  rotational  structure 
of  the  hands  1-0  and  2-0  in  the  absorption  spectrum  of  HP  in  the  range 
400-770  cm”1  arid  the  purely  rotational  spectrum  (10  ^  I  £  15)  in  the 
range  4l-67  cm”1,  in  both  absorption  and  emission.  In  the  paper  [24993, 
on  the  basis  of  data  obtained  by  these  authors  and  Kirkpatrik  and  Sa~ 
lant  [2409]  for  the  bands  3-0  and  4-0,  the  vibrational  and  rotational 
constants  were  calculated  (see  Table  73)-  The  most  accurate  results 
were  obtained  in  paper  [2409]  for  the  rotational  constants.  In  partic¬ 
ular,  in  paper  [2409]  the  values  of  the  constants  HQ  and  were  deter¬ 
mined  as  amounting  to  1.76* 1CT^  and  2.1*10”^  cm”1,  respectively. 

In  the  ultraviolet  spectrum  of  HP  Johns  and  Barrow  [2258]  recorded 
about  1600  lines  of  the  band  system  V'Z*—  Xl2.+  ‘  The  bands  observed 
in  paper  [2258]  correspond  to  transitions  to  high  vibrational  levels 
of  the  electron  ground  state(9<0*  <i§) .  On  the  basis  of  an  analysis  of 
the  bands  of  this  system  and  the  results  of  earlier  studies,  reported 
in  papers  [2499,  2409,  2755],*  of  the  vibration-rotation  spectrum  of 
HP,  corresponding  to  transitions  between  lower  vibrational  levels  (v"  < 
<  9)#  Johns  and  Barrow  derived  an  equation  of  sixth  order  in  v,  des¬ 
cribing  the  vibrational  levels  of  the  HF  molecule  in  the  X1,^4"  state,  up 
to  the  dissociation  limit.  Johns  and  Barrow  also  analyzed  the  rotational 
structure  of  bands  in  the  ultraviolet  spectrum  of  HP  and  determined  the 
values  of  the  rotational  constants. 

l  + 

The  values  of  the  molecular  constants  of  HF  in  the  X  2  state,  ob¬ 
tained  by  Johns  and  Barrow  [2258],  are  the  most  accurate  ones,  they  are 
given  in  Table  74.** 

DP.  The  infrared  absorption  spectrum  of  gaseous  DP  was  studied  by 
Talley,  Kaylor  and  Nielsen  [39193  in  the  range  2850-5900  cm”1.  Th,  au¬ 
thors  of  paper  [39193  analyzed  the  rotational  structure  of  the  bands 


-  562  - 


1-0  and  2-0,  determined  the  beginning  of  the  bands  and  the  rotational 
constants  of  DF.  In  paper  [3919]  the  vibrational  constants  of  DF  were 
calculated  on  the  basis  of  Eqs.  (1.43)  according  to  the  vibrational 
constants  of  HP.  Herzberg  [2020]  calculated  the  vibrational  constants 
of  DF  according  to  the  beginnings  of  the  1-0  and  2-0  bands;  for  the 
rotational  constants  the  values  determined  in  paper  [39193  were  used. 

The  values  of  the  molecular  constants  of  DF(<o_  »  2998.25,  o>  45.71* 
Be  =  11.007,  «  0.2935*  De  *  6. 5*10"^  cm”1)  tfere  accepted  in  the 

first  edition  of  the  Handbook. 

Later  on  Johns  and  Barrow  [2258]  studied  the  ultraviolet  spectrum 
of  DF  in  which  they  recorded  about  1900  lines  of  34  bands  of  the 
1^2* — X*2*  system.  The  bands  observed  in  paper  [2258]  correspond  to 
transitions  to  high  vibrational  levels  of  the  electron  ground  state 
(15<o'<24)  .  With  the  help  of  the  results  of  an  analysis  of  the  ro¬ 
tational  structure  of  these  bands  and  the  results  of  studying  the  in¬ 
frared  spectrum  of  DF  [3919]*  Johns  and  Barrow  derived  equations  which 
give  a  very  accurate  description  of  the  vibrational  and  rotational 
energy  levels  of  DF  up  to  the  dissociation  limit  of  the  ^2+  -state. 

The  values  of  the  vibrational  and  rotational  constants  of  DF,  obtained 
in  paper  [2258],  are  in  excellent  agreement  with  the  data  calculated 
from  Eqs.  (1.43)  on  the  basis  of  the  corresponding  constants  of  HF,  de¬ 
termined  In  the  same  paper 

The  values  of  the  molecular  constants  of  DF  in  the  state  ob¬ 
tained  by  Johns  and  Barrow  [2258]  are  contained  in  Table  74. 

TF.  The  TF  spectrum  was  studied  by  Johns  and  Goldblatt  [2300].  They 
obtained  the  TF  absorption  spectrum  In  the  range  2400-4800  cm*1,  ana¬ 
lyzed  the  rotational  structure  of  the  bands  1-0  and  2-0  and  determined 
the  following  values  of  the  molecular  constants  of  TF:  <0  =  2508. 5, 

®e*a  =  32.54,  Be  =7.692,  ax  =  0.176,  DQ  =  2.5*10-4  c“rl* 
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In  the  present  edition  of  the  Handbook  we  accepted  for  TP  the 
:  same  values  of  the  molecular  constants  as  were  calculated  for  the 
first  edition  from  Eqs.  (1.43),  on  the  basis  of  the  molecular  constants 
. ;  of' DP,  recommended  in  Herzberg's  book  [2020]  (see  Table  79).  These  val- 
uas'  of  the  TP  constants  differ  slightly  from  those  found  in  paper  [2300]. 
I:  HC1.  The  results  of  Investigating  the  spectra  of  HC1,  published 

until  1950*  are  summarized  in  Herzberg’s  monograph  [2020]  and  in  the 
handbook  [649).  In  the  following  years  the  vibration-rotation  spectrum 
:ojP  HC1  Was  investigated  by  Naud£  and  Verleger  [3033 ],  Mills,  Thompson 
and  Williams  [2920]  and  Haeusler  and  Barchewitz  [1926],  and  the  pure- 
ly:  rotat iona 1  spectrum  of  HC1  was  studied  by  Me  Cubbin  [2696]  and  Hans- 
ler  and  Oet Jen  [19453*  The  electron  spectrum  of  HC1  was  studied  in  the 
rpapers  {3322.  4113.  3475.  1796',  2201]  . 

.  For  the  electron  ground  state  X*2  of  the  HCl^  molecule  Herzberg, 

In  the  second  edition  of  his  book  [2020]  recommends  the  values  of  the 
vibrational  constants  given  by  LIndholm  in  1939  [2618]  and  the  values 
of  the  rotational  constants  found  by  Herzberg  and  Spinks  [2047].  Vir¬ 
tually  the  same  values  of  the  molecular  constants  of  HCl^,  based  on 
the  results  of  studying  the  HC1  spectrum,  obtained  by  LIndholm  in  1943 
[2619] ,  are  given  In  the  handbook  [6493* 

In  the  paper  by  Herzberg  and  Spinks  [2047]  the  values  of  the  vi¬ 
brational  and  rotational  constants  of  HCl^  and  HCl^  were  determined  on 
the  basis  of  a  structural  analysis  of  the  3-0  band  and  the  data  ob¬ 
tained  in  paper  [2865]  in  studies  of  the  1-0  and  2-0  bands.  The  values 
of  the  molecular  constants  of  HCl^  found  In  paper  [2047]  were  given 
In  the  first  edition  of  Herzberg's  monograph  [151 3* 

LIndholm  reports  in  his  papers  [2618,  2619]  on  Investigations  of 
the  bands  4-0  and  5-0,  carried  out  with  a  device  of  a  dispersion  of 
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1.8  k/xm.  On  the  basis  of  the  data  obtained  and  the  results  of  analyzing 


Table  74 

Accepted  Values  of  the  Molecular  Constants  of  HP,  HC1,  HBr,  HI,  Their 
Deutero  -and  Tritium  -derivatives  in  the  Electron  Ground  States. 


Mol.cul, 

•  ««  ' 

*»A 

at- 10* 

D,-I0» 

pi- 10* 

'« 

-1 

_ Cl»  ‘ - 

4 

HF 

4139,031 

90,43924* 

20,9486 

79,7107* 

21,51 

58,7* 

0,916834 

DP 

3001,006 

*  47,9689r 

11,00375 

30,362* 

5,941 

11.7S* 

0,917078 

TF- 

2507,87 

31,98 

•  7*701 

17,18 

3,2* 

— 

0,917 

Ha* 

2989,74 

52,05* 

10,5909 

30,19 

5,30* 

— 

1.2747 

;  Da» 

2144,77 

26,92* 

5,44826 

11,20 

•  1,37 

0.6 

1,2744 

TCP* 

1775.86 

18,36* 

3,7470 

6,38 

0,77 

-6.4 

1,2746 

HBr" 

2649.00 

45,11 

8,4690 

23,13 

3,905 

8 

1,414 

DBr". 

1885,33 

22,73* 

4,2902 

8,39 

0,964 

2.2 

1,4144 

TBr* 

1550,17 

15,368* 

2,9004 

4,66 

0,441 

0,63 

1.4144 

HI 

2309,53 

39,73 

6,512 

17,2 

2“ 

— 

1,6090 

Dl  . 

1640.14 

20.16 

3,2840 

6,142 

0.S3F 

— 

1.6092 

Tl 

1345,50 

13,57 

2,2065 

3,391 

0,24* 

1,600 

.  «^»i,177722.  7,22748-10-*.  •,/,= 4,32161-10-*.  1.41708-1°-*  «r». 

•  a,  =  1,402335- 10-*.  *=1,181565-10**,  «*- 1,0083-10-*,  «*=4,HD67-10-**r». 

«  p*  =  -1,4427-10**,  P,  = -3,2655-10^  or*. 

d  0,585039.  *»,*,= 2, 81024-10-*.  9,^3504.10-*,  •,*,=2,02886-10-* «r*. 

•  a,  =  3.8485  10-*.  a,  =  1,7583-10-*,  a«  -  9,1687-10-*,  **=3,1044-10-*  or*- 

•  fr— 2,084- Mr*.  p.=  -3,436-10-*  or*. 

«  v.i«.  of  D0  ,w.„  »  »Jt,  **  0,036  or*.  t  •«y#»  0,0106  CJCK 

1  h  mjft = 0,056  or*.  *  •,*,=0.012  or*.  -  "A  ~ -0.0059  or*. 


the  bands  1-0,  2-0  [2865]  and  3-0  [2047]  Lindholm  achieved  a  slight  im¬ 
provement  of  the  values  of  vibrational  constants  of  HCl^-\  Later  on  the 
structure  of  the  bands  4-0  and  5-0  were  again  calculated  by  Naud£  and 
Verleger  [30331  who  obtained  values  of  the  molecular  constants  of  HCl^ 
which  were  very  similar  to  those  found  by  Lindholm  [2619].* 

The  fundamental  band  of  HC1  was  studied  by  Mills,  Thompson  and 
Williams  [2920]  with  a  device  of  high  dispersion  which  permitted  them 
to  Improve  the  wave  number  of  the  beginning  of  this  bands  and  also  the 
values  of  the  rotational  constants.**  In  the  past  years  the  2-0  band 
was  measured  by  Haeusler  and  Barchewitz  [1926]  and  the  purely  rotation- 
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al  spectrum  of  HC1  was  considered  in  the  papers  [2696]  (in  the  range 
lOO  700  u,  or  100-1. 43cm”1)  and  [19^5]  'in  the  range  40-120  u  or  250- 
83«3  cm”1).  But  ohese  papers  did  not  achieve  an  improvement  of  the 
molecular  constants  of  HC1. * 

In  the  present  Handbook  we  accepted  for  the  electron  ground  state 
of  HC1  the  data  of  the  molecular  constants  recommended  by  Hersberg 
-[2020],  given  in  Table  74.  These  values  of  the  molecular  constants  of 
HC1  were  also  accepted  in  the  first  edition  of  the  Handbook. 

According  to  data  given  by  Herzberg  [2020]  and  in  the  Handbook 
[649] *  the  energies  of  the  stable  excited  electron  states  of  HC1  ex¬ 
ceed  70,000  cm-1.  These  states  are  not  considered  in  the  present 
Handbook.  Jacques  and  Barrow  [2201]  investigated  the  electron  spectrum 

O 

of  HC1  in  the  range  1980-2375  A  and  photographed  the  bands  connected 
with  transitions  to  high  vibrational  levels  of  the  electron  ground 
state  (v"  =  10-16).  They  showed  that  the  wave  numbers  of  the  edges  of 
these  bands  are  well  described  by  the  constants  found  as  a  result  of 
analyzing  the  vibration-rotation  infrared  spectrum  of  HC1. 

PCI.  The  main  band  in  the  infrared  spectrum  of  DC1  was  obtained 
for  the  first  time  by  Hardy,  Barker  and  Dennison  [1956]  who  used  a  de¬ 
vice  with  low  dispersion.  Later  on  it  was  studied  with  a  high-disper¬ 
sion  device  by  Pickworth  and  Thompson  [32393  who  carried  out  a  detailed 
analysis  of  the  rotational  structure  of  this  band.** 

The  first  and  the  second  harmonics  of  DC1  were  obtained  by  Van 
Horne  and  Hause  [4057]  with  the  help  of  an  instrument  of  high  disper¬ 
sion.  On  the  basis  of  the  results  of  analyzing  the  rotational  structure 
of  these  bands  in  paper  [405T]  the  rotational  constants  were  determined; 
they  are  in  good  agreement  with  the  values  found  by  Pickworth  and 
Thompson.  From  the  beginnings  of  the  bands  1-0,  2-0,  3-0»  Van  Horne  and 
Hause  calculated  the  vibrational  constants  of  DCl^  and  DCl^I 
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The  purely  rotational  spectrum  of  DC1  in  the  infrared  range  was 
studied  by  Hansler  and  Oetjen  [19453  and  that  in  the  microwave  range 
by  Cowan  and  Gordy  [1206,  1207,  1204a].  In  paper  [1204a]  the  frequen¬ 
cies  of  purely  rotational  transitions  of  DC1  were  measured  in  the 
range  40-Z40  p,  (250-71*4  cm  corresponding  to  I  =  6-20j  the  values 
obtained  for  the  rotational  constants  agree  with  those  found  by  Pick- 
worth  and  Thompson  [3239].  In  the  microwave  range  the  frequency  of 
the  rotational  transition  I  =  0  -*>  1  and  the  value  of  the  constant  BQ 
were  determined  with  high  accuracy. 

The  values  of  the  molecular  constants  of  DC1  accepted  in  the  pres¬ 
ent  Handbook  are  given  in  Table  74.  The  values  of  the  vibrational  con¬ 
stants  were  taken  from  paper  [4057],  those  of  the  rotational  constants 
from  papers  [1206,  1207,  3239].*  In  Herzberg's  monograph  [2020]  and  in 
the  handbook  [649]  values  were  given  for  the  molecular  constants  of 
DC1  that  were  calculated  in  paper  [1956]  frcm  the  isotope  ratios  (1.43) 
on  the  basis  of  obsolete  values  of  the  molecular  constants  of  HC1. 

TCI.  The  TCI  spectrum  was  studied  in  the  Infrared  range  (1600- 
1850  cm  )  by  Jones  and  Robinson  [2303]  and  in  the  microwave  range 
(about  7-35  cm-1)  by  Barrus  and  coworkers  [1034].  Jones  and  Robinson 
[2303]  analyzed  the  rotational  structure  of  the  bands  1-0  of  the  mole- 
cules  TCI  and  TCI  and  determined  the  wave  numbers  of  the  beginnings 
of  the  bands  of  both  molecules  and  the  rotational  constants  B  ,  a. ,  D 
and  0^.  In  paper  [2303]  the  values  of  the  vibrational  constants  of  the 
TC1^5  and  TCl^  molecules  were  calculated  on  the  basis  of  the  wave  num¬ 
bers  of  the  beginnings  of  the  1—0  bands  and  calculations  according  to 
Eqs.  (1.43),  using  the  vibrational  constants  of  HC1  and  BC1.  In  the 
microwave  spectrum  [1034]  the  frequency  of  the  rotational  transition 
I  o  1  ■»  0  of  the  molecules  TCl^  and  TCl^  was  measured  and  the  values 
of  the  rotational  constant  Bq  were  determined  which  were  in  good  agree- 
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ment  with  the  values  of  this  quantity  obtained  in  investigating  the 
infrared  spectrum  in  paper  [2303]. 

The  values  of  the  molecular  cons bants  of  TCI  in  the  electron  ground 
state,  obtained  by  Jones  and  Robinson  [23033  were  accepted  in  the  pre¬ 
sent  Handbook  and  are  given  in  Table  74. 

HBr.  The  infrared  spectrum  of  hydrogen  bromide  was  studied  in  the 
papers  by  Plyler  and  Barker  [3276],  Naudl  and  Verleger  [30333 >  and 
Thompson,  Wiliams  and  Callomon  [3977]  with  high-disper  ion  devices.  In 
paper  [3276]  the  rotational  structure  of  the  bands  1-0  and  2-0  was  ana¬ 
lyzed,  in  rap*_r  [3033]  the  rotational  structure  of  the  band  4-0.  In 
Herzberg’s  monograph  [2020]  and  in  the  handbook  [649],  on  the  basis  of 
results  of  investigating  the  HBr  infrared  spectrum,  published  until 
1950,  the  values  of  the  vibrational  constants  are  accepted  that  were 
determined  in  the  paper  by  Plyler  and  Barker  and  the  values  of  the  rota¬ 
tional  constants  found  in  paper  [3033]. 

Later  on  Thompson,  Wiliams  and  Callomon  [3977]  studied  the  rota¬ 
tional  structure  of  the  1-0  band  of  the  HBr^  and  HBr®1  molecules  by 
means  of  a  spectrometer  of  high  resolving  power.  On  the  basis  of  an  ana¬ 
lysis  of  the  structure  of  these  bands  the  authors  of  paper  [3977] 
achieved  an  Improvement  on  the  values  of  the  wave  numbers  of  the  begin¬ 
nings  of  the  bands  and  the  values  of  the  rotational  constants  of  HBr. 

The  values  of  the  rotational  constants  of  HBr'y  and  HBr  were  calculat¬ 
ed  by  Thompson  and  coworkers  on  the  basis  of  the  obtained  wave  numoers 
of  the  beginnings  of  the  1-0  bands  and  the  wave  numbers  of  the  bands 
2-0  and  4-0  obtained  in  papers  [3276,  3033 3 • 

The  values  of  the  molecular  constants  of  HBr  in  the  electron  ground 
state  found  by  Thompson,  Wiliams  and  Callomon  [3977]  are  accepted  in 
the  present  Handbook  and  given  in  Table  74.* 

The  frequencies  of  the  transitions  I  =  !3— 14  were  measured  in  the 
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infrared  rotation  spectrum  of  HBr  (40-120  p,  or  250-83«3  cm”1)  by  Hans- 
ler  and  Oetjen  [1945];  but  in  this  paper  the  rotational  constants  of 
HBr  were  not  calculated. 

The  electron  spectrum  of  HBr  was  investigated  in  the  papers  [3322, 
1796,  679,  3476].  As  the  result  of  these  investigations  it  was  estab¬ 
lished  that  HBr  has  two  stable  excited  electron  states  whose  energies 
amount  to  68,409  and  71*867  cm”1. 

DBr.  The  infrared  absorption  spectrum  of  DBr  was  investigated 
by  Keller  and  Nielsen  [2348]  with  an  apparatus  of  high  dispersion  in 
the  range  1700-5400  cm”1  which  contains  the  fundamental  frequency  and 
the  two  first  harmonics  of  the  molecules  DBr'-*  and  DBr  .  Keller  and 
Nielsen  analyzed  the  rotational  structure  of  these  band3  and  determined 
the  rotational  and  vibrational  constants*  of  the  molecules  DBr^  and 
DBr81. 

The  pure  rotation  spectrum  of  DBr  in  the  infrared  range  from 
220  to  60  cm”1  (45-170  p)  was  studied  by  Palik  [3166]  and  in  the  micro- 
wave  range  (about  1  mm)  by  Gordy  and  Burrus  [1824],  Cowan  and  Gordy 
[1207]  and  Cowan  [1204a].  Palik  measured  the  frequencies  of  15  transi¬ 
tions,  corresponding  to  I  =  7-21  and  determined  the  values  of  the  con¬ 
stants  Bq  =  4.2467  cm”1  and  DQ  =  8.8*10“^  cm”1.  In  the  papers  [1824, 
1207,  1204a]  the  frequency  of  the  rotational  transition  1-0  was  mea¬ 
sured  and  the  values  of  the  rotational  constants  Bq  of  the  molecules 
7Q  At 

DBr'-*  and  DBr  were  determined  with  a  higher  accuracy  than  in  papers 
[2348,  3166]. 

In  the  present  Handbook  the  values  of  the  molecular  constants  of 
DBr  are  accepted  that  were  obtained  in  paper  [2348],  taking  the  value 
of  Bq  Into  account  which  was  found  in  studying  the  microwave  spectrum 
in  papers  [1824,  1207,  1204a].  The  accepted  values  of  the  molecular 
constant?  are  given  in  Table  74. 
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TBr.  In  the  TBr  spectrum  3ingle  band  was  studied  which  lies  in 
the  infrared  range  and  the  purely  rotational  transition  I  =  1-0  [3486, 
1034]  in  the  microwave  range.  The  rotational  structure  of  the  1-0  band 
was  studied  by  Jones  and  Robinson  for  a  mixture  of  TBr79  and  TBr®1 
molecules  [2303 ]  who,  on  the  basis  of  the  results  of  this  analysis,  de¬ 
termined  the  values  of  the  following  constants  (in  cm"1):  vQ(l-0)  = 
1519.26,  3e  =  2.8993,  *  0.0459,  De  =  4.5'10“5,  ^  » -1.9*  10**6.  The 

values  obtained  for  the  molecular  constants  are  in  good  agreement  with 
the  constants  calculated  for  TBr79  and  TBr®1  with  the  help  of  Eqs. 

(1.43)  on  the  basis  of  the  molecular  constants  of  HBr79,  HBr81  and 
DBr79,  DBr81. 

The  results  of  measuring  the  frequency  of  the  rotational  trans¬ 
ition  I  =  l-*0  in  the  microwave  range  [3486,  1034]  permitted  a  determina¬ 
tion  of  the  values  of  the  constants  BQ  of  the  molecules  TBr79  and  TBr81 
which  were  found  to  be  equal  to  2.877060  and  2.87446  cm-1. 

In  the  present  Handbook  we  accepted  v.'  lues  of  the  vibrational  a».d 
rotational  constants  (with  the  exception  of  BQ)  of  TBr79  in  the  elec¬ 
tron  ground  state  that  were  calculated  by  Jones  and  Robinson  [2303]  by 

means  of  Eqs.  (1.43)  on  the  basis  of  the  molecular  constants  of  DBr79 
8l 

and  DBr  .  For  the  rotational  constant  BQ  a  value  was  used  which  was 
obtained  in  paper  [1034]  In  an  investigation  of  the  TBr79  microwave 
spectrum.  The  accepted  values  of  the  molecular  constants  of  TBr79  and 
given  In  Table  74. 

HI.  The  results  of  studies  of  the  HI  spectra,  published  until 
1950,  were  considered  in  Herzberg 1 s  monograph  [2020]  and  in  the  hand¬ 
book  [649]  where  values  of  the  constants  of  the  HI  molecule  In  the  elec¬ 
tron  ground  state  are  recommended  which  were  found  by  Naua£  and  Ver- 
leger  [3033].  In  the  following  years  the  HI  infrared  spectrum  was  stu¬ 
died  and  reported  in  papers  [879,  3166]  and  Its  microwave  spectrum  in 
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papers  [1205,  1204a]. 

Naud£  and  Verleger  [30333  studied  the  rotational  structure  of 
the  4-0  band  of  HI.  On  the  basis  of  results  of  this  investigation  in 
[30333  the  beginnings  of  the  4-0  band  was  determined  and  the  following 
rotational  constants  were  obtained  (in  cm”1):  Bg  =  6.551  and  ctj»  0.183, 
Dg  =  2.13-10"4  and  ^  =  3-10”6. 

Tje  vibrational  constants  of  HI  were  calculated  by  Naud£  and  Ver¬ 
leger  and  the  basis  of  the  wave  numbers  of  the  beginnings  of  the  bands 
1-0  and  2-0,  found  by  A.  Nielsen  and  3.  Nielsen  [30753  and  the  value 
of  vQ  (4-0),  found  in  paper  [30333*  The  molecular  constants  of  HI,  ac¬ 
cepted  in  the  present  Handbook,  are  compiled  in  Table  74.  The  values 
of  the  vibrational  constants  were  chosen  according  to  Naud4  and  Ver¬ 
leger.  The  rotational  constants  of  HI  were  taken  according  to  data  of 
Boyd  and  Thompson  [8793  who  studied  again  the  rotational  structure  of 
the  1-0  band  with  a  spectrometer  of  high  resolution. 

The  rotation  spectrum  of  HI  was  studied  in  the  infrared  range 
from  220  to  60  cm"1  (45-170  n)  by  Palik  [31663  and  in  the  microwave 
range  by  Cowan  and  Gordy  [1205]  and  Cowan  [1204a].  Palik  measured  the 
frequency  of  14  rotational  transitions  of  HI  with  I  =  5-18  and  cal¬ 
culated  the  values  of  the  constants:  B^  =  6.4275  cm”1  and  DQ  =  2.05*10”^ 
cm  .  in  papers  [1205,  1204a]  a  more  accurate  value  was  obtained  for 
the  constant  BQ  =  6.426387  cm"1  on  the  basis  of  measuring  the  frequen¬ 
cy  of  the  rotational  transition  I  =  M  in  the  microwave  spectrum.* 

The  electron  spectrum  of  HI  was  studied  in  the  papers  [3322,  3476]. 
In  these  investigations  transitions  were  observed  which  are  connected 
with  two  stable  excited  electron  states  of  the  HI  molecule,  whose  ener¬ 
gies  are  equal  to  57,905  and  63,475  cm”1. 

— •  ln  the  infrared  spectrum  of  DI  two  bands  are  observed:  the 
fundamental  frequency  and  the  first  harmonic;  they  were  studied  by 
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Jones  [22991*  On  the  basis  of  an  analysis  of  the  rotational  structure 
of  these  bands,  Jones  determined  the  values  of  the  vibrational  and  ro¬ 
tational  constants.  Virtually  identical  values  of  the  constants  BQ  and 
Dq  were  found  by  Pallk  [3166]  as  the  result  of  studying  the  pure  ro¬ 
tation  spectrum  of  DI  in  the  infrared  range  from  222  to  60-cnT1  (45- 
170  p,).  A  somewhat  higher  value  of  the  rotational  constant  BQ  =  3-25548 
cm”'1  was  found  in  investigations  of  the  rotational  transition  J  *  1-0 
in  the  microwave  spectrum  of  DI  [1031,  1207,  1204a]. 

The  values  of  the  molecular  constants  of  DI  (in  the  electron  ground 
state)  accepted  in  the  present  Handbook,  are  given  in  Table  74.  The 
values  of  the  constants  o>e,  oiexe,  ct^  and  DQ  contained  in  Table  74  were 
determined  by  Jones  [22991  on  the  basis  of  results  of  analyzing  the 
rotational  structure  of  the  bands  1-0  and  2-0;  the  value  of  the  constant 
Bc  was  calculated  from  the  constant  Bq,  obtained  in  studies  of  the 
microwave  spectrum  of  DI  [1031,  1207,  1204a]  and  the  constant  ci^  ob¬ 
tained  by  Jones. 

TI.  The  TI  spectrum  was  only  studied  In  the  microwave  range  by 
Rosenblum  and  Nethercot  [3486]  who  determined  the  frequency  of  the  ro¬ 
tational  transition  J  =  1-0  with  high  accuracy. 

The  values  of  the  molecular  constants  of  TI  given  In  Table  74 
were  calculated  with  the  help  of  Eqs.  (1.43)  on  the  basis  of  the  values 
of  the  molecular  constants  of  DI,  given  in  this  table. 

The  value  of  the  constant  Bg  =  2.193257  cm-*,  calculated  according 
to  the  data  of  Rosenblum  and  Nethercot  [3-486] ,  is  in  good  agreement 
with  the  value  corresponding  to  the  values  of  Be  and  c^,  given  in  Table 
74. 

§46.  THERMODYNAMIC  FUNCTIONS  OF  GASES 

The  thermodynamic  functions  of  gaseous  compounds  of  hydrogen  and 
its  Isotopes  with  halogens  were  calculated  in  the  temperature  Interval 
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293*15-6000°K  without  caking  the  intermolecular  interaction  into  ac¬ 
count  and  are  given  in  the  Tables  44-46,  53-55 »  62-64  and  71-73  of 
Volume  II  of  the  Handbook.  The  calculations  were  carried  out  by  means 
of  the  Gordon-Barnes  method  on  the  basis  of  the  molecular  constants 
compiled  in  Table  74.*  The  thermodynamic  functions  were  calculated  for 
the  natural  isotope  mixtures  of  chlorine  and  bromine  with  mean  values 
of  the  molecular  constants.  The  excited  electron  states  of  the  gas 
molecules  were  not  taken  into  account  in  the  calculations  since  at 
temperatures  below  6000°K  the  contribution  of  the  corresponding  compo¬ 
nents  is  infinitesimal. 

The  errors  of  the  calculated  thermodynamic  functions  of  gaseous 
hydrogen  halides  and  their  deuterium  and  tritium  derivatives  are  at 
low  temperatures  (below  2000°K)  caused  chiefly  by  the  application  of 
inaccurate  values  of  the  physical  constants,  while  at  high  temperatures 
(above  2000°K)  they  are  due  to  inaccuracies  of  the  energies  of  high  vi¬ 
brational  and  rotational  levels  when  they  are  calculated  from  constants, 
describing  the  experimental  values  of  low  levels,  and  to  the  fact  that 

the  necessity  of  limiting  the  summation  over  J  was  not  taken  into  ac- 

* 

count  in  the  calculations.  The  errors  of  the  values  of  of  the  com¬ 
pounds  considered  are  at  298. 15°K  not  higher  than  0.01  cal/mole. deg, 
while  at  3000  and  6000°K  they  amount  to  0.02  and  0.05  cal/mole* deg,  res¬ 
pectively. 

Owing  to  the  absence  of  data  on  the  constants  of  the  intermolecu¬ 
lar  potential  of  the  compounds  of  hydrogen  and  its  isotopes  with  halo¬ 
gens,  the  present  Handbook  does  not  contain  any  data  on  the  virlal 
coefficients  of  the  corresponding  gases. 

HF.  The  thermodynamic  functions  of  gaseous  hydrogen  fluoride 
given  In  Table  44  (II)  were  calculated  for  the  first  edition  of  the 
Handbook  according  to  the  Gordon-Barnes  method  on  the  basis  of  the 
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molecular  constants  of  HF  recommended  by  Herzberg  [2020]  and  given 
In  Table  73.  The  values  of  the  constants  C^,  Cg,  Q,  x  and  the  coef¬ 
ficients  of  Eqs.  (2.137),  (2.138),  calculated  from  the  accepted  molec¬ 
ular  constants  of  HF,  are  given  in  Table  75 • 


TABLE  75 

Values  of  the  Constants  Used  in  Calculating  the  Thermodynaimic  Func¬ 
tions  of  Compounds  of  Hydrogen  and  Its  Isotopes  With  Fluorine,  Chlor¬ 
ine,  Bromine  and  Iodine. 

m  ft  I  *.i0»  0i-lO»  MO*  I  Z  4-10*  I  Cc  1 


2  ~ 


5953.26 
4312,96 
3607,57 
4300.74 

3064.82 
2553,77 
3811,07 
2712,18 
2229,87 

3322.26 

2359.82 
1935,89 


21,764 

15,246 

12,752 

17,410 

12,565 

10,333 

17,028 

12,055 

9,911 

17,203 

12,292 

10,066 


3,737 

2,698 

2,254 

2,884 

2.073 

1.720 

2,765 

1,973 

1,620 

2,672 

1,886 

1.548 


_ 3 

0,033822 

0,06401 

0,091289 

0,066612 

0,12899 

0,18778 

0,083215 

0,16365 

0,24168 

0.10618 

0,21363 

0,31743 


KOA/MOM-tpad 


—5,0809 

-3,6673 

—2,8231 

—1,9453 

-0,5521 

0,2729 

0,8720 

2,2529 

3,0640 

2,7594 

4,1338 

4,9439 


I, 8741 
3,2877 
4,1319 
5,0097 
6,4034 
7,2234 
7,8275 
9,2084 

10,0195 

9,7144 

II, 0893 
11.8994 


l)  Substance;  2)  degree;  3)  deg“  ;  4)  cal/mole- deg. 


The  values  of  the  thermodynamic  functions  of  HF,  calculated  from  more 
accurate  values  of  the  molecular  constants  of  HF  (see  Table  74)  deviate 
only  insignificantly  from  those  given  in  the  Handbook.  Thus  the  dif- 
ference  between  the  value  of  $6qoo»  given  in  Table  44  (II)  and  that  cal¬ 
culated  from  the  molecular  constant  of  HF  from  Table  74,  amounts  to 
0.005  cal/mole- deg.  In  paper  [110]  the  thermodynamic  functions  of  HF 
were  calculated  by  means  of  different  methods  on  the  basis  of  the  same 
values  of  the  molecular  constants.  These  calculations  showed  that  with 
hydrogen  fluoride  up  to  temperatures  not  higher  than  6000°K  the  Gordon- 
Barnes  method  yields  virtually  the  same  results  as  the  method  of  direct 
summation  over  the  levels  of  vibrational  and  rotational  energies. 

The  thermodynamic  functions  of  gaseous  HF  were  previously  calculat- 
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ed  by  Murphy  and  Vance  [3010]  (up  to  2000°K)  according  to  the  Gordon- 
Bames  method,  by  Huff,  Gordon  and  Morrell  [2142]  (up  to  6000°K)  by 
the  method  of  direct  summation,  by  Cole,  Parber  and  Elverum  [1149]  and 
Potter  [33131  (up  to  3000 °K)  according  to  the  method  by  Mayer  and 
Goppert-Mayer.  The  differences  between  the  values  of  the  thermodynamic 
functions  of  HF,  given  in  papers  [3010,  11493  (up  to  3000°K)  and  in 
Table  44  (II)  amounts  to  about  0.02  cal/mole^deg  and  is  due  to  the  fact 
that  different  values  were  taken  for  the  molecular  and  physical  con¬ 
stants.  The  results  of  calculating  the  thermodynamic  functions  of  HP 
in  the  papers  [2142]  (up  to  5000°K)  and  [3313]  (up  to  2000°K)  virtual¬ 
ly  coincide  with  the  values  of  the  corresponding  quantities  of  Table 
44  (II).*  The  differences  between  the  values  of  the  thermodynamic  func¬ 
tions  e4*  HP,  given  in  the  papers  [3313*  1149]  and  In  Table  44  (II)  are 
at  high  temperatures  considerable ;  they  reach  for  about  0.07 

cal/mole*deg.  This  deviation  is  explained  by  the  approximate  character 
of  the  method  by  Mayer  and  Goppert-Mayer  whose  effect  is  greatest  at 
high  temperatures. 

The  results  of  the  calculations  of  the  thermodynamic  functions  of 
HF,  obtained  by  Murphy  and  Vance  [3010]  were  reproduced  in  the  papers 
by  Brewer  [1093]  and  Kelley  [2364,  2363].  In  Zeise’s  book  [4384]  values 
are  given  for  the  thermodynamic  functions  of  HP  that  were  calculated  by 
Cole  et  al.  [1149]. 

DP,  TF.  The  thermodynamic  functions  of  gaseous  fluorodeuterium 
and  fluorotrltium,  given  in  Tables  45  (II)  and  46  (II),  were  calculat¬ 
ed  according  to  the  Gordon-Bames  method  for  the  first  edition  of  the 
present  Handbook.  The  thermodynamic  functions  of  fluordeuterium  was 
calculated  according  to  the  molecular  constants  of  DP,  recommended  by 
Herzberg  [2020]  and  given  on  p.  563,  the  thermodynamic  functions  of 
fluorotrltium  accordirg  to  the  molecular  constants  of  TF,  given  in  Ta- 


ble  74.  Table  75  contains  the  constants  C^,  Cg,  6  and  x  as  well  as 
the  values  of  the  coefficients  in  Eqs.  (2.137),  (2.138),  calculated 
With  the  accepted  constants  of  DP  and  TP.  It  must  be  noted  that  the 
thermodynamic  functions  of  DP,  calculated  according  to  the  molecular 
constants  given  in  Table  74  are  virtually  the  same  as  those  given  in 
Table  45  (II).  The  difference  between  the  values  of  *g000  amounts  to 
0.004  cal/faole*deg. 

The  thermodynamic  functions  of  gaseous  fluorodeuterium  had  been 
calculated  previously  by  Potter  (33133  (up  to  5000°K)  according  to  the 
method  by  Mayer  and  Goppert-Mayer.  Up  to  2000°K  the  values  of  the  ther¬ 
modynamic  functions  of  DP,  given  in  paper  (33133  and  in  Table  45  (II ) 
do  not  differ  by  more  than  0.01  cal/mole*deg.  At  higher  temperatures 
these  differences  increase,  reaching  0.03  and  0. 08  cal/mole-deg  with 
the  values  of  ^QOO  and  S5000*  owln8  the  inaccuracy  of  the  method  by 
Mayer  and  Goppert-Mayer. 

The  thermodynamic  functions  of  gaseous  fluorotritlum  was  calculat¬ 
ed  for  the  first  time  when  the  first  edition  of  the  present  Handbook 
was  prepared.  Other  calculations  of  the  thermodynamic  functions  of  TP 
and  unknown. 

HC1.  The  thermodynamic  functions  of  gaseous  hydrogen  chloride  giv¬ 
en  in  Table  53  (II)  were  calculated  from  Eqs.  (2.l6l)  and  (2.162).  The 
values  of  In  2  andT^rlnS-  in  t.urse  equations  were  calculated  by  means 
of  the  method  by  Gordon  and  Barnes  (Eqs.  (2.137)  and  (2. 138)).  The  cal¬ 
culation  was  mad  1  with  mean  values  of  the  molecular  constants,  obtained 
on  the  basis  of  values  of  the  molecular  constants  of  HCl^-*,  given  in 
Table  74.  The  values  of  the  constants  C^,  Cg,  9,  x  and  the  coefficients 
of  Eqs.  (2.137),  (2.138),  calculated  from  the  averaged  molecular  con¬ 
stants,  are  compiled  in  Table  75.  It  must  be  noted  that  a  calculation 
of  the  thermodynamic  functions  of  HC1,  carried  out  with  the  molecular 

-  576  - 


constants  obtained  in  paper  [3033]  (see  note  to  p.  565)  yields  virtual¬ 
ly  the  same  values  of  the  thermodynamic  functions  of  HC1  as  were  given 
in  Table  53  (II).* 

The  thermodynamic  functions  of  gaseous  hydrogen  chloride  were  pre¬ 
viously  calculated  by  the  method  of  direct  summation  by  Glauque  and 
Overstreet  [1718]  (up  to  3000°K),  Gordon  and  Barnes  [1812,  *813]  (up 
to  1000°K)  and  Urey  and  Rittenberg  [4041]  (up  to  700°K).  Potter  [3314] 
used  the  method  by  Mayer  and  Goppert-Mayer  to  calculate  the  thermodynam¬ 
ic  functions  of  HC1  (up  to  5000°K)  and  Linnett  [2621]  worked  with  the 
approximation  of  the  harmonic  oscillator  and  rigid  rotator  (up  to  573°K). 
The  thermodynamic  functions  of  HC1,  calculated  up  to  6000°K  are  also 
given  in  the  abstract  by  Huff,  Gordon  and  Morrell  [2142].** 

The  differences  between  the  values  of  the  thermodynamic  functions 
of  HC1  given  in  the  papers  [1718,  1812,  l8l3>  4041,  2621]  and  those 
of  Table  53  (II)  amount  to  0.02  to  0.05  cal/mole*deg  (up  to  SOOG^K)  and 
are  mainly  due  to  differences  of  the  used  values  of  physical  constants. 
Sherman  and  Glauque  [3706]  calculated  the  corrections  to  the  values  of 
<J>T  given  in  paper  [1718]  wl.-ch  take  into  account  the  new  values  of  the 
physical  constants.  With  these  corrections  the  thermodynamic  functions 
of  HC1,  calculated  by  Glauque  and  Overstreet  [1718],  deviate  from  the 
values  of  the  corresponding  quantities  In  Table  53  (II)  within  the  lim¬ 
its  of  0.002  cal/mole.deg.  The  differences  between  the  values  of  the 
thermodynamic  functions  of  HC1,  given  in  paper  [3314]  and  In  Table  53 
(II)  are  essential  at  high  temperatures  which  Is  explained  by  the  fact 
that  in  paper  [3314]  the  approximate  method  by  Mayer  and  Goppert-Mayer 
was  used. 

Glauque  and  Wiebe  [1721]  calculated  S|^g  ^  (HC1,  gas)  «  34.45  ± 
0.15  cal/mole.deg  on  the  basis  of  results  of  calor? metrical  measure¬ 
ments;  the  value  they  obtained  is  in  good  agreement  with  the  value  giv- 
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en  in  Table  53  (II) • 

In  Brewer’s  paper  [1093]  and  in  Zeise's  handbook  [4384]  the  val¬ 
ues  of  the  thermodynamic  functions  of  HC1  were  borrowed  from  [1718, 
1812].  In  the  handbook  of  the  US  NBS  [3680]  apparently  new  values  of 
the  physical  constants  were  used.  In  Kelley's  abstract  [2363]  we  find 
an  equation  for  the  specific  heat  of  HC1  and  the  values  of  H£  —  Hg^g. 
and  S£  —  S£  —  Sg^g  are  calculated  up  to  2000°K,  on  the  basis  of  re¬ 
sults  of  calculations  from  [1718,  1812]. 

PCI,  TCI.  The  thermodynamic  functions  of  gaseous  deuterium  chlor¬ 
ide  and  tritium  chloride  given  in  the  Tables  54  (II)  and  55  (II)  were 
calculated  from  Eqs.  (2.161)  and  (2.162).  The  values  of  In  2  and 
T^f. In 2.  were  calculated  according  to  the  Gordon-Barnes  method  [Eqs. 
(2.137)  and  (2.138)].  The  calculations  were  made  with  mean  values  of 
the  molecular  constants  of  BCl^,  DCl*^  and  TCl^,  TCl^,  obtained 
from  the  molecular  constants  of  DCl^  and  TCl^,  given  in  Table  74. 
Table  75  contains  the  values  of  C$,  Cg,  9,  x  and  the  coefficients  of 
Eqs.  (2.137),  (2.138)  obtained  from  the  averaged  constants  of  the  mole¬ 
cules  DC1  and  TCI. 

The  thermodynamic  functions  of  gaieous  DCl^  were  previously  cal¬ 
culated  by  Urey  and  Rittenberg  [4o4l]  by  means  of  the  method  of  direct 
summation  for  T  700°K.  The  values  cf  the  thermodynamic  functions  of 
tritium  chloride  were  published  for  the  first  time. 

HBr.  The  thermodynamic  functions  of  gaseous  hydrogen  bromide  giv¬ 
en  in  Table  62  (II)  were  calculated  from  Eqs.  (2.l6l)  and  (2.162).  The 

values  of  In  2  and  7-JLlnS  were  calculated  with  the  help  of  the  Gordon- 

01 

Barnes  method  (Eqs.  (2.137),  (2.138)].  The  calculations  were  made  with 
mean  values  of  the  molecular  constants  of  HBr'-*  and  HBr  „■  obtained 
with  the  molecular  constants  of  HBr^°  given  in  Table  74.  The  values  of 
CS,  9,  x,  and  the  coefficients  of  Eqs.  (2.137),  (2.138)  are  cal- 
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culated  from  the  averaged  molecular  constants  of  HBr  given  in  Table 
75. 

The  thermodynamic  functions  of  gaseous  hydrogen  bromide  were  pre¬ 
viously  calculated  by  Gordon  and  Barnes  [1815]  (up  to  l600°X)  by  means 
of  the  method  they  had  developed.  Differences  between  the  values  of  the 
thermodynamic  functions  of  HBr,  given  in  paper  [1815],  and  those  of  ta¬ 
ble  62  (II)  are  equal  to  about  0.02  cal/mole.deg  which  is  chiefly  due 
to  different  values  used  for  the  physical  constants. 

The  values  of  the  thermodynamic  functions  of  HBr  calculated  by 
Gordon  and  Barnes  are  used  in  the  handbooks  [3680,  4384]  and  in  paper 
[10931. 

Giauque  and  Wiebe  [1722]  found  the  value  of  ^g(HBr,  gas)  = 

47.6  ±0.1  cal/mole-deg  on  the  basis  of  results  of  calorimetric  measure¬ 
ments;  this  value  is  in  satisfactory  agreement  with  the  values  given 
in  Table  62  (II).  Kelley  [2364]  uses  the  values  of  S^p  -^(HBr,  gas) 
obtained  in  papers  [1815,  1722].  In  paper  [2363]  Kelley  gives  an  equa¬ 
tion  for  the  specific  heat  of  HBr  derived  by  him  on  the  basis  of  cal¬ 
culations  of  Gordon  and  Barnes  [1815].  This  equation  was  ut,ed  m  paper 
[2363]  in  order  to  calculate  H£  -  Hg^g  and  S£  -  S|^g  up  to  1600°K. 

DBr,  TBr.  The  thermodynamic  functions  of  gaseous  deuterium  chloride 
given  In  Tables  63  (II)  and  64  (II )  were  calculated  by  means  of  Eqs. 
(2.l6l)  and  (2,162).  The  values  of  In  2  and  In 2  in  these  equations 

were  calculated  with  the  help  of  the  Gordon-Barnes  method,  using  mean 
values  of  the  molecular  constants  of  DBr*^,  DBr~~  and  TBr^,  TLr  .  The 
averaged  constants  of  these  molecules  were  calculated  from  Eqs.  (1.43) 
and  the  molecular  constants  of  DBr^  and  TBr^  given  in  Table  74.  In 
Table  75  we  find  the  values  of  C^,  Cg,  0,  x  and  the  coefficients  of  Eqs. 
(2.137)>  (2.138),  calculated  with  the  averaged  constants  of  DBr  and 
TBr. 
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The  tables  of  the  thermodynamic  functions  of  deuterium  bromide 
and  tritium  bromide  are  the  first  published  in  literature. 

HI.  The  thermodynamic  functions  of  gaseous  hydrogen  iodide,  given 
in  Table  71  (IT )  were  calculated  from  Eqs  (2.161)  and  (2.162).  The 
values  of  In  2  and  T~  In  2  In  these  enuations  were  calculated  by  means 

oT 

of  the  Gordon-Barnes  method  on  the  basis  of  the  molecular  constants  of 
HI  given  in  Table  74.  The  values  of  <v  Cg,  6,  x,  and  the  coefficients 
of  Eqs.  (2.137)  and  (2.138)  calculated  from  the  accepted  constants  of 
HI,  are  given  in  Table  75*  It  must  be  noted  that  the  improvement  of  the 
constant  B0  of  the  HI  molecule,  obtained  by  Cowan  and  Gordy  [1205] 
when  studying  the  microwave  spectrum  (see  page  571 ),  does  virtually  not 
influence  the  values  of  the  thermodynamic  functions  of  HI  since  the 
corresponding  correction  amounts  to  only  0.001  cal/mole- det.  The  ther¬ 
modynamic  functions  of  hydrogen  iodide  were  previously  calculated  by 
Murphy  1.300/]  (up  to  1500°K)  by  means  of  the  Gordon-Barnes  method  and 
by  Urey  and  Rittenberg  [4041]  (up  to  700°K)  by  the  method  of  direct 
summation.  The  differences  between  the  values  of  the  thermodynamic 
functions  of  HI  given  in  papers  [3007,  4041]  and  in  Table  71  (II) 
amount,  to  0.01-0.05  cal/mole* deg  and  are  due  to  the  application  of  dif¬ 
ferent  values  of  the  molecular  and  physical  constants.  The  thermodynam¬ 
ic  functions  of  HI,  calculated  by  Murphy  [3007]  and  extrapolated  up  to 
2000eK,  are  used  in  Brewer’s  paper  [1093]  and  in  Zeise’s  handbook 
[438>!]. 

Giauque  and  Wiebe  [1723]  obtained  S298.16<HI'  Sas)  -  49-5  *  0.1 
cal/mole* deg  on  the  basis  of  calorimetric  measurements.  In  Kelley’s 
abstract  [2364]  use  Is  made  of  a  value  of  gaseous  HI  obtain¬ 

ed  in  the  papers  [3007,  1723].  Kelley  [2363],  on  the  basis  of  results 
calculated  by  Murphy  [3007],  derived  an  equation  for  the  specific  heat 
of  gaseous  HI  and  used  it  to  calculate  Hr—Ht*  ana  Sr— Sj»»  -°  2000°K. 
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TI.  The  thermodynamic  functions  of  gaseous  deuterium  iodide 
and  tritium  iodide,  given  in  Tables  72  (II)  and  73  (11^,  were  calcu¬ 
lated  from  Eqs.  (2.l6l)  and  (2.162).  The  values  of  In  2  and 
were  calculated  by  means  of  the  Gordon-Barnes  method  on  the  basis  of 
the  molecular  constants  of  DI  and  TI,  given  in  Table  74.  In  Table  75 
we  find  the  values  of  C^,  Cg,  6 ,  x  and  the  coefficients  of  Eqs.  (2.137), 
(2.138)  calculated  from  the  accepted  constants  of  these  gas  molecules. 

The  calculation  of  the  thermodynamic  functions  of  TI,  allowing 
for  the  more  accurate  value  of  BQ  of  the  TI  molecule  found  in  paper 
[3486]  (see  page  572)  alters  the  values  of  4>*  and  S£  by  0.005  cal/mole- 
deg,  compared  with  the  corresponding  values  contained  in  Table  73  (II). 

The  thermodynamic  functions  of  gaseous  deuterium  Iodide  were  pre¬ 
viously  calculated  by  Blagg  and  Murphy  [835]  (up  to  1500°K)  according 
to  Kassel’s  method,  and  also  by  Urey  and  Rlttenberg  [404l]  (up  to  700°K) 
by  means  of  the  method  of  direct  summation.  The  difference  between  the 
values  of  the  the  iynamlc  functions  of  DI  given  in  the  papers  [835, 
4041]  and  those  of  Table  72  (II)  does  not  exceed  0.05  calA©le*deg  and 
is  due  to  the  use  of  different  values  of  the  molecular  and  physical 
constants.  The  thermodynamic  functions  of  tritium  iodide  were  calcula¬ 
ted  for  the  first  time. 

§47.  THERMOCHEMICAL  QUANTITIES 

HE  (gas).  Berthelot  and  Molssan  [797 J  measured  the  thermal  effect 
of  the  reaction  of  elementary  fluorine  with  a  potassium  sulfide  so7  - 
tJon.  The  value  calculated  on  the  basis  of  these  measurements,  AHf  (HE, 
gas)  =  -  39  kcal/mole,  is  of  mere  historical  significance. 

The  heat  of  combustion  of  fluorine  in  hydrogen  was  measured  by 
Wartenberg  and  Fitter  [4l62]  and  Ruff  and  Laass[3557].  The  hydrogen 
fluoiide  produced  in  the  combustion  under  the  experimental  conditions 
of  [4162,  3557]  contains  a  great  number  of  associated  molecules  so  that, 
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in  calculations  of  AHf(HF,  gas)  as  the  result  of  calorimetrlcal  mea¬ 
surements,  it  is  necessary  to  introduce  appropriate  corrections.  Pre¬ 
viously,  when  these  corrections  were  calculated  in  [4162,  3557]  an  er¬ 
ror  was  admitted.  Later  on  it  was  corrected  by  Ruff  and  Menzel  [3561] 
who  calculated  for  4Hf(HF,  gas)  a  value  of  -63.8  kcal/mole  [4162]  anu 
—64.2  kcal/nole  [3557].  But  even  these  corrected  values  may  only  be 
used  as  approximations  since  the  authors  of  [4162,  3557,  3561]  calcu¬ 
lating  the  correction  for  the  association,  started  from  a  simplified 
scheme  of  the  association  equilibrium,  assuming  that  in  the  vapor,  be¬ 
sides  the  monomeric  molecules  only  cyclic  molecules  (HF)g  may  be  pre¬ 
sent.  Electron  diffraction  studies  made  subsequently  showed  that  the 
associated  molecules  appearing  in  the  fluorohydrogen  vapor  consist  of 
zig-zag-shaped  chains  of  various  lengths  and  that  there  are  no  cyclic 
molecules  in  the  vapor  (as  to  details  of  this  question,  see  [356]). 

In  the  note  of  Armstrong  and  Jessup  [567]  it  was  indicated  that 
they  determined  the  heat  of  combustion  of  ammonia  in  fluorine  (-181. 56 
kcal/mole).  To  this  value  corresponds  the  heat  of  formation  of  hydrogen 
fluoride,  equal  to  -64.2  kcal/nole.  But  the  authors  of  [567]  indicate 
that  the  agreement  between  the  value  of  j5Hf  (HP)  found  by  them  and  the 
values  of  earlier  papers  cannot  be  taken  as  a  proof  of  the  accuracy  of 
the  measurements,  since  in  all  these  papers  like  errors  could  have  been 
made  In  allowing  for  the  association  of  HF  In  the  vapor  (in  paper  [567] 
the  method  of  calculating  this  correction  is  not  described). 

Wartenberg  and  SchStza  [4172]  measured  the  heat  of  combustion  of 
fluorine  in  hydrogen  at  a  temperature  of  100°C,  where  the  association 
of  HP  molecules  in  the  vapor  is  Inessential  and  obtained:  (HF, 

gas)  =  —64.45  ±0.1  kcal/mole  (AH°f2gg  ^  =  ~ 64.41  kcal/faole).  In  mo¬ 
dern  handbooks  and  Individual  papers  a  value  of  -64.2  kcal/mole  is  ac¬ 
cepted  for  the  heat  of  formation  of  hydrogen  fluoride  at  298.15°K, 


-  582  - 


V; 


1 


which  is  an  average  of  the  values  obtained  in  the  papers  [ 4l62 ,  3557, 
3561,  41723.  For  the  error  of  the  heat  of  formation  of  HF  values  of 
±0.2  or  ±0.5  kcal/mole  are  suggested  in  literature.  The  latter  value 
is  more  correct. 

Johns  and  Barrow  [2258],  when  studying  the  electron  spectrum  of 
HF,  observed  bands  connected  with  transitions  to  high  vibrational  lev¬ 
els  of  the  ground  state  (9  £  v  ^  19).  A  short  extrapolation  with  res¬ 
pect  to  the  vibrational  levels  of  the  ground  state  yielded  a  value  of 
Dq  (HF)  =  135.1  ±0.3  kcal/mole  for  the  dissociation  energy.  This  val¬ 
ue  is  more  accurate  than  the  value  calculated  on  the  basis  of  the  heat 
of  formation  of  HF  and  the  dissociation  energy  of  fluorine.  But  the  val¬ 
ue  of  dHfg^g  (HF,  gas)  =  —64.97  ±0.6  kcal/faole  corresponding  to  it 
has  a  considerable  error  as  it  depends  on  a  comparatively  inaccurate 
value  of  D0(F2). 

Since  the  value  of  the  heat  of  formation  of  HF  is  used  in  the 
calculation  of  the  heat  of  formation  of  most  fluorides,  it  is  neces¬ 
sary,  in  the  first  place,  to  base  our  considerations  on  the  heat  of  for¬ 
mation  instead  of  on  the  dissociation  energy.  Therefore  we  accepted  the 
following  value  in  the  Handbook: 

Afl*/%  W(HF.  «••)  =  —64,2 ±0,5  kcal/mole 
The  results  of  investigations  by  Johns  and  Barrow  [2258]  also  speak 
in  favor  of  the  imperative  necessity  of  improving  the  data  on  the  heat 
of  formation  of  HF.* 

To  the  value  accepted  for  the  heat  of  formation  corresponds 
D,  (HF)  =  134.322  ±  0.7  kcal/mole 

DF  (gas),  TF  (gas).  The  values  of  the  dissociation  energy 

D,(DF)  »  135,923  ±  0,7  kcal/mole 
Da  (TF)  *=  136,616  ±  0,7  kca  l/mole 

accepted  in  the  Handbook  were  calculated  from  Eq.  (4.17)  with  the  help 
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of  the  accepted  value  of  Dq(HP)  and  the  molecular  constants  of  HF,  DF 

and  TF  given  in  Table  ?4.  The  following  value  of  the  heat  of  formation 

of  DF  and  TF  corresponds  to  this  value  of  the  dissociation  energy: 

Aff*/,  (DF,  64,886  ± 0.9  kcal/molo 

A//%  (TF, «..)  .  —  65,178  ±0.9  kcal/mole 
—■  The  numerous  measurements  of  the  heat  of  formation  of 

hydrogen  chloride  were  reviewed  by  Bichowski  and  Rossini  in  their  hand¬ 
book  [813]  and  in  Roth's  survey  [3514]. 

Rossini  [3497]  measured  the  heat  of  combustion  of  chlorine  in  hy¬ 
drogen  and  obtained  the  following  value  of  the  heat  of  formation  of 
HC1:  m°t2gQ '15  =  -22063  ±  12  kcal/mole.  Roth  [3515,  3514],  on  the  ba¬ 
sis  of  the  papers  [4l63,  3530]  recommended  -21,830  ±  20  cal/mole  as  the 
better  value. 

La°her  and  co"orket'B  [2510]  measured  the  reaction  heat  of  hydrogen 
Plus  -hlorlne  and  found  /»“f298.15  (HC1,  gaa)  =-22030  ±  50  cal/mole. 
This  value  is  in  good  agreement  with  the  results  of  measurements  hy  Ros- 
slni  [3497].  The  most  accurate  measurement  of  the  heat  of  formation  of 
hydrogen  chloride  was  carried  out  by  Rossini  [3497  J.  The  value  of 

Wfmj.CHQ.  «••)*=  —  22,063  ±  0,012  kcal/mole 
he  obtained  waa  commonly  acknowledged  and  accepted  in  the  present  Hand- 
book.  The  value  of 

D,  (HQ)  =  102,204  ±  0,035  kcal/mole 

corresponds  to  it. 

—  -  (Sas)*  The  values  of  the  dissociation  energies 

Da(DQ)  =  .103,396  ± 0,035  kcal/mole 
D,(TC1)  =  103,919  ±  '*.035  kcal/mole 

accepted  in  the  Handbook  were  calculated  from  Eq.  (4.17)  with  the  help 

of  the  accepted  value  of  DQ  (H01)  and  the  molecular  constants  of  DC1 

and  TCI,  given  in  Table  74.  To  these  values  corresponds 

4/r/#  (DQ,  «*■)  -  —  22,309  ±  0.050  kcal/mole 


A H*U  (TCI.  )  -  —  22,431  ±  0,050  kcal/mole 

HBr  (gas).  Bichowsky  and  Rossini  [8X3 3 >  on  the  basis  of  measure¬ 
ments  by  Thomsen  [3981]  and  Berthelot  [791,  7773  of  the  thermal  effects 
of  a  series  of  reactions,  calculated  the  value  of  the  heat  of  formation 
of  hydrogen  bromide :  AH°fg^Q  ^  *  -8. 66  kcal/mole. 

Roth  and  Borger  [3522,  35233  measured  the  heat  of  dissolution  of 
silver  in  hydrobromic  acid  and  found  the  much  lower  value  of  —3*  5  ±  0. 3 
kcal/mole  for  AHf  (HBr,  gas).  But  later  it  was  established  by  Roth 
[35153  that  this  value  was  incorrect.  Roth  t3515]  measured  the  heat  of 
reaction  of  AgNO^  solutions  with  hydrochloric  and  hydrobromic  acids 
and  obtained  a  value  of  -7.59  *  0.11  kcal/mole  for  AHf(HBr).  In  the 
very  same  paper  Roth  determined  the  heat  of  reaction  of  chlorine  and 
bromine  with  a  hydrazine  chloride  solution  and  calculated  AHf  (HBr, 
gas)  =  —7.90  ±  0.15  kcal/mole. 

The  heat  of  reaction  of  hydrogen  and  bromine  in  the  gaseous 
state  was  measured  by  Lacher,  Casall  and  Park  [2507].  A  value  of 
Afl*/»u(HBr,  «**)  =  —8,74 ±0,13  kcal/mole 
corresponds  to  the  value  of  AHf 375.15  *  -12.473  kcal/foole  he  obtained. 
The  former  value  which  was  obtained  by  means  of  a  direct  method  was 
accepted  in  the  Handbook.  The  values  based  on  the  results  of  measure¬ 
ments  in  [791,  777,  3515]  are  less  .  ;cu~ate  since  they  include  a  serie 
of  additional  quantities  among  them  such  that  are  insufficiently  veri¬ 
fied. 

To  the  value  of  AH0fggg  ^  accepted  the  following  value  corresponds 
Dv  (HBr)  **  86,678  ±  0,13  kcal/faole 

DBr  (gas),  TBr  (gas).  The  values  of  the  dissociation  energies 

Dt(DBr)  -  87,758  ±  0,13  kcal,toole 
D,  (TBr)  -  88,231  ±  0,13  kcai/faole 

accepted  in  the  Handbook  were  calculated  from  Eq.  (4.17)  by  means  of 
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the  above  value  of  Dq  (HBr)  and  the  molecular  constants  given  in  Table 
74.  The  following  values  correspond  to  them: 

AfTft  (DBr,  «••■)  «r  —7.043  ±0,13  kcal/mole 
TBr*  )  *  —  '7,115^0,13  kcal/mole 

HI  (gas).  Bichowsky  and  Rossini  f 813 J >  on  the  basis  of  Thomsen's 
measurements  [3981]  of  thermal  effects  of  a  series  of  reactions,  cal¬ 
culated  dH°f2gi(HI,  gas)  =  5.91  kcal/mole.  Later  on  Thomsen's  data  were 
recalculated  once  again  by  Roth  [3515]  who  calculated  the  values  of 
6.02,  5*13  and  5-85  kcal/mole  for  the  heat  of  formation  of  HI  (gas). 

GUnther  and  Vekua  [109° J  determined  the  thermal  effect  of  the 
reaction 

y*Cl,  («---)  -f-  H I  («••)— HCl  (...)  -f  v*>,  <.“»■'>  (12  - !) 

A  value  of  ^H°f2^g  (HI,  gas)  -6.2  kcal/kca 1/mole  corresponds  to 
the  value  of  -28.26  kcal/mole  (reduced  to  p  =  const)  found  by  these 
authors. 

dtegmiiller  [3843]  measured  the  emf  of  an  element  in  which  the 
reaction 

V.H,  (...)  +  V,i,  (...)  —  Hi  («••),  (12.2) 

took  place  and  obtained  a  value  of  —1.7  kcal/mole  for  the  thermal  ef¬ 
fect  of  this  reaction,  to  which  a  value  of  ^H°f2^g  ^  (HI,  gas)  = 

5.73  kcal/faole  corresponds. 

The  equilibrium  constants  of  the  reaction  (12.2)  were  determined 
in  the  papers  [4042,  847,  947,  3947,  3007,  8l4].  On  the  basis  of  the 
values  of  the  thermodynamic  properties  of  iodine  and  its  compounds  ac¬ 
cepted  in  the  Handbook  (cf.  also  [100])  and  the  results  of  measuring 
the  equilibrium  constants,  a  value  of 

A «•■)  =  6.288  ±0,1  kcal/mole 

was  calculated  which  is  in  good  agreement  with  the  results  of  measure¬ 
ments  by  Gunther  and  Vekua  [1892].  This  value  was  accepted  in  the  Hand- 
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L  .  To  it  corresponds 

D, (Hi)  “  70,407  ±0,1  kcal/mole 

PI  (gas),  TI  (gas).  The  values  of  the  dissociation  energies 

P#pi)  -  71,352  ±  0,1  kcal/mole 

D#(Ti)«>  71,763  ±0,1  kcal/mole 

accepted  in  the  Handbook,  were  calculated  from  Eq.  (4.17)  with  the 
helps  of  the  accepted  vJ'.e  of  Dq(HI)  and  the  molecular  constants  of 
HI,  DI  and  TI,  given  in  Table  74.  The  values  of 

A//#/o(Di,  ...)-6,772  ±0,1  kcal/mole 
AH°/*(Ti,  ««)  =  6,757 ±0.1  kcal/mole 

correspond  to  these  values  of  the  dissociation  energies  of  DI  and  TI, 
respectively. 

TABLE  76 

Accepted  Values  (in  cal/moie)  of  the  Thermochemical  Quanti¬ 
ties  of  the  Halogen  Compounds  of  Hydrogen  and  Its  Isotopes 


r 

Itapcnc 

D. 

A Hf, 

AH7 

2*3.1* 

A//*/ 

m.u 

HF 

134322 

—64190 

—64199 

-64300 

2020 

2055 

DF 

135923 

-64886 

-64899 

—64905 

2030 

2065 

TF 

136  CIS 

-65178 

-65193 

-65195 

2033 

2068 

HQ 

107  204 

-22022 

—22061 

—22063 

2030 

2065 

Da 

103396 

—22309 

—22357 

—22365 

2035 

2070 

TO- 

103919 

—22431 

-22481 

—22485 

2038 

2072 

HBr 

86678 

-6868 

—8712 

-6740 

2032 

2067 

DBr 

87  756 

—7043 

-6897 

—8929 

2037 

2072 

TBr 

86331 

—7115 

-8971 

-8999 

2040 

2075 

HI 

70407 

6812 

6302 

6288 

2034 

2069 

DI 

71353 

6772 

6252 

6  232 

2039 

2074 

TI 

71 768 

6757 

6237 

• 

6222 

2044 

2079 

l)  Substance. 
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Chapter  13 

SULFUR  AND  ITS  COMPOUNDS 

fS,  S2  SO,  S02,  SOy  S20,  SH,  HgS,  SF,  SF2>  SF^,  SFg,  SOFg,  S02F2) 

Under  normal  conditions  elementary  sulfur  occurs  in  the  form  of 
a  solid  ci-ystalline  substance,  the  rhombic  sulfur.  At  368. 5°K  rhombic 
sulfur  transforms  into  another  crystalline  modification  of  sulfur  which 
is  monoclinic.  X-ray  diffraction  studies  of  the  crystalline  structure 
of  rhombic  sulfur  [4150]  showed  that  it  consists  of  Sg  ring  molecules. 
Under  special  conditions  also  other  allotropic  modifications  of  crystal¬ 
line  sulfur  may  be  obtained. 

Thus,  Rice  [3428,  3427],  when  suddenly  cooling  sulfur  vapor  down 
to  the  temperature  of  liquid  nitrogen,  obtained  purple  and  green  sul¬ 
fur.*  David  and  Hamann  [1270]  found  that  in  a  shock  wave,  at  a  pressure 
of  230,000  atm,  rhombic  sulfur  transforms  into  a  new  allotropic  modifi¬ 
cation,  possessing  a  high  electrical  conductivity,  which  Is  therefore 
denoted  as  metallic  sulfur.  The  allotropy  of  sulfur  was  studied  in  de¬ 
tail  by  Erametsa  [1487-1489] . 

Monoclinic  sulfur  melts  at  388. 4°K.  Up  to  432°K  sulfur  is  a  yel¬ 
low  mobile  liquid,  consisting  of  Sg  ring  molecules.  Above  432°K  sulfur 
grows  brown,  its  viscosity  Increases  sharply,  which  Is  explained  by  the 
rupture  of  the  Sg  ring  molecules  and  the  formation  of  chain  molecules 
of  the  same  composition  (cf.  [1675,  2481,  3621]).  From  about  460°K  on 
the  viscosity  of  sulfur  decreases  gradually  as  the  temperature  increases 
and  at  about  670°K  the  liquid,  maintaining  its  brown  color,  again  be¬ 
comes  mobile  up  to  the  boiling  point  (717* 8°K).  The  decrease  in  vis- 


coslty  of  liquid  sulfur  beginning  at  460°K  is  explained  by  a  rupture 
of  the  Sg  chain  molecules  and  the  appearance  of  chain  molecules  of 
fewer  sulfur  atoms.  When  liquid  sulfur  is  rapidly  cooled  down,  various 
modifications  of  amorphous  sulfur  appear  [3621].  They  are  thermodynam¬ 
ically  unstable  and  under  normal  conditions  they  transform  to  the  rhom¬ 
bic  modification  of  crystalline  sulfur. 

The  most  careful  calorimetrical  investigations  of  the  thermodynam¬ 
ic  properties  of  elementary  sulfur  in  condensed  states  were  carried  out 
by  Eastman  and  McGavock  [l44l]  (from  13  to  376°K)  and  West  [4213]  (from 
298  to  678°K).  The  specific  heat  of  liquid  sulfur  (up  to  693°K)  was 
measured  by  the  authors  of  [908,  1544,  3110].  It  must  be  noted  that 
data  on  the  thermodynamic  properties  of  rhombic  sulfur  may  be  found  in 
West's  review  [4217]  and  in  the  articles  of  Bradley  [887],  Gee  [1675], 
Evans  and  Wagman  [1516]  and  on  monoclinic  sulfur  in  Bradley's  paper 

[887]. 

The  composition  of  sulfur  vapor  at  not  too  high  temperatures  is 
very  complex.  It  has  been  established  by  experiment  that  it  contains 
Sg,  Sg,  S 4  ring  molecules,  Sg  molecules  and  S  atoms.  The  results  of 
measurements  of  sulfur  vapor  densities,  obtained  by  Neumann  [3057] » 
showed  that  sulfur  vapor  over  condensed  phases,  and  also  in  absence  of 
condensed  phases  up  to  1000°K,  consists  mainly  of  Sg  molecules.  Studies 
of  the  vapor  density  of  sulfur  at  higher  temperatures  [3318,  2438,  909] 
results  in  the  conclusion  that  these  vapors  also  contain  Sg,  S^  and  Sg 
molecules.*  At  a  total  vapor  pressure  of  1  atm  and  a  temperature  of 
1300 °K  the  sulfur  vapor  consists  mainly  of  Sg  molecules,  at  2500 °K  and 
above  it  consists  of  S  atoms. 

The  molecular  and  thermodynamic  properties  of  octatcmic  sulfur  in 
gaseous  state  were  considered  by  Guthrie,  Scott  and  Waddington  [1902] 
and  Luft  [2678],  In  Luft's  paper  [2678]  the  molecular  and  therrodynamic 
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properties  of  S^  and  Sg  were  considered  and  the  values  of  the  molecu¬ 
lar  and  thermodynamic  constants  were  estimated  for  the  nonobserved  ring 
molecules  Sg,  S ^  and  Sj  and  the  biradicals  Sg,  S^,  Sg  and  Sg  (open 
chains).  Luffs  calculations  of  the  composition  of  sulfur  vapor,  allow¬ 
ing  for  sulfur  molecules  of  different  atomicity,  showed  that  besides  the 
molecules  Sg,  S^,  Sg,  Sg,  we  must  expect  that  in  sulfur  vapor  a  notice¬ 
able  quantity  of  Sg,  Sg  and  S^  ring  molecules  may  be  present.  Accord.^ 
to  these  calculations  the  content  of  biradicals  in  sulfur  vapor  is  in¬ 
significant.  Luft  could  also  show  that  a  further  polymerization  of  sul¬ 
fur  with  the  formation  of  molecules  of  a  more  complex  structure  than  Sg 
is  energetically  disadvantageous  and  need  not  take  place. 

In  the  present  Hand  book  we  consider  only  monatomic  and  diatomic 
sulfur  (S  and  Sg),  the  fundamental  components  of  vapor  at  high  tempera¬ 
tures. 

We  know  seven  oxides  of  sulfur:  SO,  SgO,  SgOg,  SOg,  SOg,  SgO^ 
and  SO^.  Under  normal  conditions  the  main  sulfur  oxides  are  sulfur  di¬ 
oxide  and  trioxide,  SOg  and  SOg,  at  high  temperatures  it  is  dioxide 
and  monoxide,  SOg  and  SO.  Under  certain  conditions  the  semioxide  Sp0 
may  be  formed.  In  the  present  Handbook,  among  all  sulfur  oxides,  we 
consider  only  SO,  SOg,  SOg  and  SgO.  The  other  sulfur  oxides  SgOg,  SgO^., 
SOj^  are  rather  unstable  and  rarely  investigated  compounds  which  form 
under  special  conditions  and  are  unknown  in  the  gaseious  state. 

In  the  papers  [3017,  3103]  it  was  suggested  to  assume  the  existence 
of  the  isomeric  form  S00,  besides  the  usial  form  of  the  SOg  molecule, 
which,  in  its  type,  resembles  the  ozone  molecule.  On  the  basis  of  this 
assumption  it  was  possible  to  explain  the  appearance  of  a  series  of 
bands  in  the  explosion  spectra  of  the  mixture  CSg  +  Og  [3017]  and  in 
the  spectrum  of. pulsed  photolysis  of  SOg  and  SOg  [3103].  In  this  con¬ 
nection  it  were  interesting  to  make  further  experimental  studies  in  or- 
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der  to  verify  or  refute  this  assumption. 

In  the  present  Handbook  we  consider  only  the  simplest  sulfur  hy¬ 
drides,  hydrogen  sulfide  HgS  and  hydrosulfite  HS.  Higher  hydrides  of 
sulfur,  such  as  HgSg,  HgSg*  HgSg,  are  also  known.  These  compounds  are, 
however,  unstable  and  decay  easily  at  high  temperatures. 

Among  the  simplest  compounds  of  sulfur  with  oxygen  and  hydrogen  it 
is  sulfuric  acid,  HgSO^,  which  has  been  studied  most  thoroughly,  l.i 
the  gaseous  state,  however,  this  compound  is  rather  unstable  and  decays 
easily  into  SO^  and  HgO.  The  equilibrium  constant  of  the  corresponding 
reaction  was  measured  by  Bodenstein  and  Katayama  [852]  in  the  tempera¬ 
ture  interval  of  from  598  to  756°K. 

The  other  acids  of  su' . ir,  in  the  gaseous  state,  are  still  less 
stable  than  HgSO^  and  were  not  investigated. 

The  existence  of  four  compounds  of  sulfur  and  fluorine  was  esta¬ 
blished  by  experiment:  SgPg,  SF^,  SFg  and  SgF10.  The  most  stable  of 
them  is  sulfur  hexadluoride,  SFg.  In  the  present  Handbook  we  deal  with 
SF^,  SFg,  SF  and  SFg.  The  latter  compounds  must,  obviously,  be  formed 
in  the  dissociation  of  SF^  :nd  SFg. 

Besides  the  numerous  compc  .jiids  mentioned  above,  in  the  Handbook 
we  also  consider  two  oxyfluorides  of  sulfur,  namely  SOFg  and  SOgFg. 

Other  sulfur-fluorine  compounds  are  not  considered  in  the  Handbook,  Just 
as  the  compounds  of  sulfur  with  chlorine,  bromine  and  iodine. 

Compounds  of  sulfur  with  other  elements  are  considered  in  Chapters 
14  (NS),  15  (PS)  and  21  (CS,  COS,  CSg). 

In  all  cases  where  we  do  not  assert  the  contrary,  when  discussing 
the  molecular  constants  of  sulfur  and  its  compounds,  we  consider  the 
isotopic  modification  of  molecules,  containing  the  most-spread  sulfur 
isotope  SJ  . 


§48.  TEE  MOLECULAR  CONSTANTS 

S.  The  sulfur  atom  In  its  ground  state  JP2  has  the  electron  con¬ 
figuration  ls22s22p^3s23p^-  In  Table  T  we  find  the  energy  levels  of 
the  sulfur  atom  [2941]  which  correspond  to  the  given  electron  config¬ 
uration. 

The  excitation  energies  of  states  cf  the  sulfur  atom,  corresponding 
to  other  electron  configurations,  exceed,  according  to  [2941],  50,000 
cm”*.  In  the  present  Handbook  we  do  not  consider  these  electron  states 
of  the  sulfur  atom. 

TABLE  77 

Energy  levels  of  the  sulfur  atom 
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1)  Number  of  level;  2)  state;  3)  electron 
configurat'  n;  4)  term;  5)  statistical 

weight;  6)  energy,  cm-1. 

S0.  The  spectrum  of  the  S2  molecule  was  studied  by  many  scientists 
in  both  the  visible  and  the  ultraviolet  ranges.  The*  band  system  C^l”  *- 
which  lies  in  the  range  14,000-41,000  cm-"  (7110-2400  A)  has  been 

o 

studied  most  completely.  In  literature  we  also  find  indications  as  to 
the  existence  of  other  band  systems  of  S2  [1318a,  3484a,  3484b,  2037, 
2730,  2731,  393fa ]•  But  ar.ong  these  it  was  only  two  band  systems  lying 
in  the  range  of  vacuum  ultraviolet  [2750,  2731 1  that  were  analyzed  and 

q  ■  _ 

attributed  to  transitions  of  the  type  . 

J  S 

The  vibrational  structure  of  c.he  system  —  was  analyzed 
for  the  iirst  time  by  Rosen  [3480]  according  to  the  band  edges  In  the 
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fluores  encfc  spectra  of  sulfur  vapor.  The  results  of  this  analysis  were 
imprc  'ed  by  Fowler  and  Vaidya  [1586]  who,  in  the  Sg  emission  spectrum, 
measured  the  positions  of  the  band  edges  corresponding  to  (v‘  <,  18  and 
v"  <  30.  Owing  to  the  weak  dispersion  of  the  spectrographs  used  in  [3480, 
1586J,  the  rotational  structure  of  the  Sg  bands  was  not  studied.  It  was 
studied  later  on  by  Naud£  and  Christy  [1105,  3024-3027*  3034],  Ol'ssonom 
[3136-3140]  and  Ikenoue  [2164],  working  with  specrographs  of  high  dis¬ 
persion.  In  early  investigations  [3027,  1105]  Naud£  and  Chris  J  otained 
incorrect  values  of  B”  and  (B”  =  0.409,  *=  0.319  cm”1),  a  fact  that 

was  found  out  by  Olsson  [3136-3138].  The  values  of  the  constants  Be,  a^, 
De  of  Sg  of  the  Sg  molecule  in  the  states  X%“  and  C%“  (see  Table  78) 
were  determined  by  Naud£  [3024,  3026]  on  the  basis  of  an  analysis  of  the 
rotational  structure  of  a  great  number  of  bands  (V  ^  7,  v"  *  2,  3,  4,  7, 
8,  14. ..27)  which  were  studied  in  the  papers  of  Naud£  and  Christy  [1105, 
3025-3027],  Olsson  [3136-3140]  and  Wilson  (not  Published).  The  very  val¬ 
ues  of  the  rotational  constants  of  S0  in  the  states  in  the  states  X%“ 

2  g 

and  C%”  are  recommended  in  Herzberg's  book  [2020]  and  in  the  handbook 
[649].  The  equilibrium  values  of  the  rotacional  constants  of  Sg  in  the 
states  XJ£“  and  C*  were  also  calculated  in  [3140,  2164]  but  the  values 
obtained  are  less  accurate  than  those  of  paper  [3024]  because  the  data 
were  applied  to  a  smaller  number  of  bands. 

•3  _  *3  _ 

The  constants  of  multiplet  splitting  of  the  XJ5^  and  (rEu  states 

of  Sg  were  determined  by  Olsson  [3140]  and  Naud£  and  Verleger  [3034] 

who  analyzed  the  multiplet  structure  of  the  bands  of  the  system  C^sf  — 

u 

-  X^T,  on  the  basis  of  Kramers'  relations  (cf.  Eqs.  (l.24a)).  The  most 

O 

complete  studies  of  the  multiplet  splitting  of  the  Z  state  of  Sg  were 
carried  out  by  Naudl  ana  Verleger  [3034].  The  values  of  the  constants  of 
multiplet  splitting  obtained  by  these  authors  are  given  in  Table  78.  The 
multiplet  structure  of  the  Sg  band  in  the  system  C^r“  —  wer'  not 
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analyzed  on  the  basis  of  the  more  accurate  equations  (1.24)  given  by 
Schlapp. 

The  values  of  the  vibrational  constants  of  Sg  in  the  state 
given  in  Table  78,  were  determined  by  Olsson  [3140]  from  the  edges  of 
a  great  many  bands  (v*  £  5,  vM  ^37)  of  the  system  0^2^  -  X^s".  In 
this  case  the  following  values  of  the  vibrational  constants  of  Sg  in 
the  electron  ground  state  were  obtained:  oj"  »  725.8,  o>"x"  =  2.85  cm-1. 

C  V  V 

In  Naud£'s  paper  [3026]  similar  values  are  given  for  the  vibrational 
constants  of  Sg  in  the  electron  ground  state  Sg(o>”  =  725.68  ±  0.01, 

<OgXg  =  2.852  cm-1),  which  were  calculated  by  Wilson.  The  latter  values 
were  accepted  by  Herzberg  [2020]  and  in  the  handbook  [649],  and  also 
in  the  present  Handbook  (see  Table  78). 

The  accepted  values  of  the  vibrational  constants  of  the  electron 
ground  state  of  Sg  give  a  good  description  of  30  lower  levels  of  vi¬ 
brational  energy  of  this  molecule  (cf.  [1668],  p4b9).  An  extrapolation 
of  the  vibrational  levels  with  respect  to  these  constants,  however, 
yields  too  high  a  value  to  the  dissociation  limit  (Dq  =  45830  cm-1)*. 
Therefore,  in  order  to  obtain  a  satisfactory  description  of  the  high 
vibrational  energy  levels  of  the  X^Z-  state  of  Sg,  it  is  necessary  to 
introduce  in  the  expression  of  Gq(v)  terms  proportional  to  the  third 
or  a  higher  power  of  v. 

The  band  system  —  X^Z”  of  the  Sp  molecule  is  vt  similar  to 
the  Schumann-Runge  b.nd  system  of  the  0p  molecule  (see  page300).  It 
must  be  noted  that  among  the  Og  band  systems  studied  the  Schumann-Runge 
system  is  the  only  one  which  Is  not  forbidden;  the  other  band  systems 
of  Og  are  forbidden  by  the  corresponding  selection  rules  and  are  ob¬ 
served  in  absorption  only  if  thick  layers  of  absorbing  substance  are 
used,  and  in  emission  only  under  special  conditions  of  excitation.  The 
creation  of  similar  conditions  in  the  case  of  sulfur  vapors,  however. 
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TABLE  78 

Accepted  Values  of  the  Molecular  Constants  of  S0,  SO,  SH  and  SP 
—  —  ■  -  - - - __ - - - - 


[  Molecule  I  state 


X*X£  o* 

a» AJ  5000s 

8»X+  ‘8000s 

A*&m  22000s 

23000s. 
*27  23500s 

C*27  31835* 


0 

6500s 

ttoooP 

28000s 

28000s 

30000s 

41628.7 


725.63 


2.85  {  0.2855  .0.0016  1,96-10^  1.889 


434.0  - 


1148.18 


0.2918  0.0018  —  2.180 

0.72018  0.00562  1.133I0-*  1.482 


{  «*J"  30000s  — 

j  41628.7  630.4 

Uf  * 

j  A*r*-  31033,03*  1879,8 

!  x*n,  0  8i0“ 


_  1  _ 


¥,78  0,5020  0.0062  1,280- 10**  1,775 

47.6  9,607  0,282  4.80-10-*  1.3107 

87,65  8,521  0,464*  6.66- 10-*“  1,4230 

_  • 

—  0,55s  I  -  -  1,61s 


*  e  *.  —23.7  «r*.  +0,06  e»~*. 

b  Ktliaat*. 

c  #  —  — 26,4  or*.  t=*  +0,12  cjtK 
d.  —376,86  cr1. 


•  T,  »*  0,313  or1. 

(  a»  — 0,022  cir*. 

•  An.,-  (2258a],  X>#«»6,36-10~*  cm~1  “d 
ft  -  0,60'UH  or*. 


is  connected  with  great  experimental  difficulties. 

Herzberg  and  Mundie  [20373  tried  to  obtain  in  the  Sg  absorption 
spectrum  band  systems  which  correspond  to  forbidden  transitions.  With 
an  optical  path  length  in  sulfur  vapor  of  up  to  6  m,  Herzberg  and  Mun¬ 
die  discovered  previously  unknown  absorption  bands  extending  ur  to 
8700  A.  But  since  the  dispersion  of  the  apparatus  was  low  these  bands 
could  not  be  analyzed.  Desirant  and  Duchesne  [1318a]  discovered  a  weak 
system  of  bands  in  the  infrared  range  of  the  Sg  emission  spectrum.  Ros¬ 
en  and  Bouffioux  [3484a 3  obtained  this  band  system  with  a  device  of 
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of  high  dispersion  which  enabled  them  to  measure  the  edges  of  seven 
bands.  Later  on,  Rosen  and  Bouffioux  made  use  of  Legendre’s  table  and 
found  i  v„  —  13  327, ■=  950,  a,  **  487  cm-1.  But  in  paper  [3484a]  no  assump¬ 
tions  were  made  on  the  electron  states  of  S2,  to  transitions  between 
which  this  band  system  could  correspond.  The  band  system  of  Sg,  ob¬ 
served  in  papers  [1318a,  3484a]  were  not  studied  afterwards. 

In  view  of  the  structural  similarity  of  the  valence  electron 
shells  of  the  Og  and  S ■  molecules,  we  may  assume  that  the  electron 
states  of  the  molecules  (at  least  the  lower  ones)  must  be  simlliar. 

In  the  case  of  02  the  electron  states  and  are  separated  by 
another  five  electron  states:  a‘A7,  A*&u.  B*2+  and  c1*  (cf.  Table 

19).  It  is  very  probable  that  the  S2  molecule  too  possesses  similar 
electron  states.* 

The  problem  of  the  correspondence  of  the  excitation  energy  values 
of  equivalent  electron  states  of  isoelectronic  diatomic  molecules  was 
considered  by  Shifrin  [463]  (cf.  page  84).  In  Table  78  the  values  of 
excitation  energies  of  the  electron  states  a3^”,  b1^,  A^A  ,  B^2+  and 
and  c1!^  of  the  S2  molecule  are  given  as  calculated  on  the  basis  of  Eq 
(1.31)*’  suggested  by  Shifrin,  an<'  also  the  values  of  the  excitation 
energies  of  the  02  molecule  and  the  values  of  rjpt,  and  r,(S.,  . 

The  errors  of  the  so  determined  values  of  the  excitation  energies  of 
S0  electron  states  not  observed  in  the  spectra  may  be  estimated  as 
amounting  to  ±  1000  cm”1.  It  must  be  noted  that  the  value  of  TJSit  C*27> 
calculated  from  Eq.  (I.31),  differs  from  the  experimental  value  (given 
in  Table  78)  by  no  more  than  15  cm”1. 

Previously  it  had  been  assumed  in  literature  [1176]  that  the  S2 
molecule  might  possess  an  excited  electron  state  of  the  type  1z+, 

s 

whose  energy  was  estimated  as  amounting  to  2500  cm”1.  Zeise’s  calcu¬ 
lations  [4383]  of  the  equilibrium  of  2SOrl— S»  (32*)  +  SO*  showed  that 
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the  first  excited  state  of  Sg  must  lie  higher  than  this  was  assumed 


in  paper  [4383 ],  in  accordance  with  the  energy  values  of  the  lower 
electron  states  of  Sg,  accepted  in  the  present  Handbook. 

In  both  the  absorption  spectrum  [2730,  2731]  and  the  emission 
spectrum  [3936a]  of  Sg  band  systems  were  discovered  in  the  far  ultra- 

O 

violet.  In  the  wavelength  range  1600-1900  A  two  band  systems  in  the 
Sg  absorption  spectrum  were  investigated  by  Maeder  [2730,  2731]  who 
designated  them  as  the  systems  C  and  D.  These  band  systems  correspond 
to  transitions  from  excited  elect  on  states  with  excitation  energies 
(Te),  equal  to  55*598  and  58,707*2  cm-3',  to  the  electron  ground  state 
X22~.  In  Herzberg's  book  [2020]  and  in  the  Handbook  [649]  this  state 

O 

is  assumed  to  be  a  ^1^  state.  In  paper  [2730]  Maeder  analyzed  the 
vibrational  structure  of  the  systems  C  and  D  and  determined  the  values 
of  the  vibrational  constants  for  the  corresponding  excited  states  of 
Sg.  Tanaka  and  Ogawa  [3936a]  observed  two  band  systems  in  almost  the 

o 

same  range  of  the  Sg  emission  spectrum  as  Maeder  (1700-2000  A).  An 

analysis  they  made  showed  that  in  these  systems  the  upper  states  lie 

closely  together,  the  transitions  occurring  to  a  common  lower  state 

■a  _ 

which,  in  all  probability,  is  the  X~*Z  ground  state  of  the  Sp  molecule. 
The  upper  electron  states  In  the  systems  discovered  in  paper  [3936a], 
are  close  to  the  excited  electron  state  ^1^,  found  by  Maeder.  The  types 
of  these  states  could  not  be  identified  by  Tanaka  and  Ogawa. 

SO.  In  the  SO  spectrum  a  single  band  system,  was 

studied  In  detail;  it  lies  in  the  wavelength  range  from  2200  to  4000 

O 

A.  Other  band  systems  were  not  observed  in  the  SO  spectrum. 

Lowater  [2665]  and  Johnson  and  Cameron  [2264]  were  the  first  who 

•3  _  -a  _ 

observed  the  C~*z  —  X^z  band  system  In  the  spectrum  of  an  electi*ic 
discharge  in  SOg.  Afterwards  it  was  studied  in  detail  by  Henri  and 
Wolff  [1991]  and  Marvin  [2787].  The  nature  of  the  bands  of  the  SO  mole- 
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cule,  observed  in  the  papers  [2264,  2665 J  was  identified  by  Henri  and 

Wolff  [1991].  Working  with  prism  spectrographs  of  medium  dispersion, 

•3  _  o  _ 

these  researchers  observed  39  bands  of  the  system  Crs  -  XJx  and  from 

the  band  edges  they  analyzed  the  vibrational  structure.  The  rotational 

structure  of  the  SO  bands  in  paper  [1991]  was  insufficiently  resolved 

so  that  it  could  not  be  analyzed.  Martin  [2787]  obtained  an  SO  spectrum 

with  completely  resolved  rotational  structure  of  seven  bands  in  second 

order  of  a  concave  diffraction  grating  and  showed  that  it  belongs  to 

•3 

transitions  between  two  states  of  the  type  of  the  SO  molecule.  In 
paper  [2787]  the  nature  of  the  SO  bands,  suggested  by  Henri  and  Wolff, 
was  accepted,  according  to  which  the  bands  studied  by  Martin  correspond 
to  the  values  v'  =  0,  vv  ®  4,  5»-*«,9  and  v'  =  1,  v"  =  4.  Martin  meas- 
sured  also  the  position  of  the  edges  of  seven  bands  corresponding  to 
v*  ^  3  and  v*'  =  3,  4  (according  to  the  numeration  of  Henri  and  Wolff). 
The  results  of  these  measurements  were  thoroughly  analyzed  by  Martin 
who,  in  this  way,  determined  t!  e  values  of  the  vibrational  and  rota¬ 
tional  constants  of  SO  in  the  states  X^z“  and  C^z~,  which,  until  1959, 
were  considered  as  quite  reliable  and  were  recommended  in  Herzberg’s 
book  [2020]  and  in  the  Handbook  [649]. 

In  paper  [2787]  the  triplet  splitting  of  lines  of  the  bands  0-6, 
0-7,  0-8,  0-9,  0-10,  0-11,  1-6,  corresponding  to  K  >  30  and  K  <  13, 
could  be  resolved.  But  the  splitting  was  analyzed  only  for  the  lines 
of  the  bands  0-10,  carresponding  to  K  <  13,  since  in  the  residual  cas¬ 
es  *>’e  have  a  mixed  superposition  of  lines  of  different  branches.  Mar¬ 
tin  found  *  at  a  subsequent  application  of  Kramers’  relations  (1.24a) 
(cf.  page  79)  does  not  yield  a  satisfactory  description  of  triplet 

splitting  of  individual  lines  of  SO  in  the  system  C^2~  -  X^2~.  It  seems 

<3 

that  in  the  given  case  an  application  of  Schlapp’s  equations  (1.24) 
might  have  been  more  successful. 
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In  the  past  it  was  tried  several  times  to  obtain  the  absorption 
spectum  of  SO.  At  that  time  the  SO  absorption  spectrum  was  assumed  to 
be  observed  in  the  vapor  of  the  substance  which  forms  when  the  pro¬ 
ducts  of  SOg  decomposition  in  an  electrical  discharge  are  condensed. 

But  later  on  it  was  shown  that  the  spectrum  observed  pertains  to  sul¬ 
fur  semioxide  SgO  (cf.  p.  6ll).  Hicks  [20673  tried  to  obtain  the  SO 
absorption  spectrum  when  heating  a  mixture  of  sulfur  and  oxygen  up  to 
1100°  but  he  did  not  succeed. 

The  absorption  spectrum  of  SO  was  observed  for  the  first  time 
by  Myerson,  Taylor  and  Hanst  [30173  who  subjected  explosions  of  0So  + 

Og  mixtures  to  spectroscopic  investigations.  The  authors  of  paper  [3017? 
measured  the  edges  of  12  bands  of  SO  which  corresponded  to  v1  ^  3  and 
v"  =  1,  2,  3,  4,  5*  and  determined  the  position  of  nine  rotation  lines 
of  the  1-4  band.  The  results  of  these  measurements  proved  to  be  in 
full  agreement  with  the  results  of  analogous  measurements  in  the  emis¬ 
sion  spectrum  [1991,  27873-  A  comparison  of  the  results  of  studying 
the  absorption  and  emission  spectra  of  SO  enabled  Myers,  Taylor  and 

Hanst  to  show  that  the  lower  electron  state  of  the  system  —  ^c“ 

S 

is. the  ground  state  of  the  SO  molecule. 

Afterwards  the  SO  absorption  spectrum  was  studied  by  Norrish  and 
Oldershaw  [31033  when  studying  the  pulsed  photolysis  of  SOg  and  SO^. 

In  the  spectrum,  taken  with  a  device  of  medium  dispersion,  he  oberved 

C 

23  bands  of  SO  in  the  wavelength  range  2220-2830  A,  15  cf  which,  ly- 

O 

ing  in  the  range  2220-2510  A,  were  observed  for  the  first  time.  Norrish 
and  Oldershaw  found  that  the  positions  of  the  edges  of  these  bands 
could  not  be  described  by  the  vibrational  constants  found  in  paper 
[27873  and  could  not  be  reconciled  with  the  numeration  of  bands  used 
In  the  papers  of  Henri  and  Wolff  and  Martin.  A  new  analysis  of  the  vib¬ 
rational  structure  of  chec3^*— band  system,  taking  into  account 
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the  results  of  measuring  the  absorption  spectrum  and  the  data  obtained 
In  studying  the  SO  emission  spectrum  [1991#  27873  enabled  Norrlsh  and 
Oldershaw  to  show  that  the  numeration  of  the  C^2  -  X^z,  band  system, 
used  in  papers  [1991#  2787]#  is  incorrect.  The  actual  values  of  v" 
proved  to  be  higher  by  two  units  than  suggested  in  papers  [1991,  2787]. 
It  must  be  noted  that  progressions,  corresponding  to  transitions  to  the 
levels  v"  «  0  and  1,  are  virtually  not  observed  in  emission  spectra  of 
SO  as  they  are  very  weak  in  intensity.  In  connection  with  the  renumera¬ 
tion  of  the  vibrational  energy  levels  of  SO  for  the  state  X^Z  ,  Nor- 

s 

rish  and  Oldershaw  [31031  recalculated  the  vibrational  and  rotation- 

q  O 

al  constants  of  the  x~2  and  CJZ  states  of  SO  on  the  basis  of  results  of 

O  O 

all  investigations  of  the  C°2  —  XJ2  band  system.  The  values  of  the 
molecular  constants  of  SO  in  the  states  and  C^2  calculated  by  Nor- 
rish  and  Oldershaw  [3103 1  were  accepted  in  the  present  Handbook  and 
are  given  in  Table  78. 

The  molecules  of  SO,  Sg  and  Og  are  Isosteric.  0* ing  to  this  it 

must  be  expected  that  their  lower  electron  states  are  of  the  same  type. 

In  fact,  the  electron  ground  states  of  all  these  molecules  are  of  the 

type  x^z”.  The  excited  electron  state  C^x”  of  these  molecules  has  also 

been  carefully  studied;  the  values  of  the  excitation  energies  of  this 

state,  for  the  SO,  Sg  and  Og  molecules,  satisfy  the  empirical  relation 

(1.31)  cuggested  by  Shifrin  [463]-  As  to  Og,  apart  from  the  electron 

states  x^2~  and  C^z~,  we  know  three  singlet  and  two  triplet  electron 

states  whose  excitation  energies  are  lower  than  the  excitation  energy 

of  the  cV  (see  Table  19).  In  the  present  Handbook  we  assume  that  the 

SO  molecule,  besides  the  two  electron  states  x^x”  and  d5z"’,  studied 

spectroscopically,  will  also  possess  states  which  are  of  the  same  type 

as  the  electron  states  of  Og  mentioned  above,  with  excitation  energies 

q  _ 

smaller  than  the  excitation  energy  of  the  state  Crx  .  The  values  of  the 
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excitation  energies  of  these  compounds,  calculated  bjr  (l.3l)>  and  the 
corresponding  0P  (Table  19)  and  SO  data  (for  the  x3s  state)  are  given 
in  Table  78.  The  errors  of  the  excitation  energy  values,  estimated  in 
this  way,  of  the  nonobserved  electron  states  of  SO,  may  be  assumed  to 
amount  to  ±1000  cm“l.  o 

SH.  In  the  spectrum  of  the  radical  SH  a  single  band  system,  A  2  — 

-  X2l£j~ is  investigated,  which  lies  in  the  wavelength  range  3200-3700  A 

The  absorption  spectrum  of  the  radical  SH  was  obtained  for  the  first 

time  by  Lewis  and  White  [260 6]  in  an  r-f  pulsed  discharge  in  HgS.  These 

authors  observed  two  0-0  subbands  which  correspond  to  the  transitions 
2  2  2  2 

2  **3/2  and  2  “  11 1#  Analyzing  the  rotational  structure  of  the  sub- 

2  2  •  2 
band  2  «-  ^3/9  they  could  show  that  the  H  state  of  SH  is  a  reversed 

2  ? 

state.  Later  on  the  subbands  0-0  of  the  2  —  II  system  of  the  radical 

SH  were  observed  in  the  emission  spectrum  by  Qaydon  and  Whittingham 

[16713,  Dyne  and  Style  [1438]  and  Leach  [2573].  Ijeach  [2573]  analyzed 

the  rotational  structure  of  the  0-0  bands  and  determined  the  values  of 

2  2 

the  rotational  constants  for  the  H  and  2  states  which  were  found  to 
be  similar  to  the  values  of  the  corresponding  constants  obtained  by 
Lewis  and  White  [2606]. 

In  paper  [2574]  Leach  reports  on  spectral  analyses  he  made  with 
HgS  and  l^S  discharges,  where  he  could  observe  the  0-0  and  0-1  bands 
of  the  SH  radical  and  the  bands  0-0,  0-1  and  0-2  of  the  radical  SD. 

Prom  the  edges  of  the  SD  bands  Leach  [2574]  determined  the  values  of 
the  vibrational  constants  of  the  electron  ground  state  of  SD  (0"  = 

1933*  -  24.5  cm-1),  on  the  basis  of  which  the  vibrational  constants 

of  the  electron  ground  state  of  SH  were  calculated  with  the  help  of 
Eqs.  (1.43).  The  latter  are  accepted  in  the  present  Handbook  and  given 
in  Table  78.  The  vibrational  constants  of  SH,  determined  by  Leach  in 
paper  [2574]  are  in  good  agreement  with  the  values  of  these  quantities, 
obtained  with  the  help  of  the  empirical  relations  given  in  [2474,  44l]. 

The  bands  0-0,  1-0  and  2-0  of  the  radicals  SH  and  SD  were  studied 
with  absorption  spectra  obtained  In  pulsed  photolysis  of  HgS  and  D2S 
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[3301,  3356,  2259b].  Porter  [3301]  was  the  first  who  obtained  the 

;  \ 
t 

bands  0-0  and  1-0  of  the  radicals  SH  and  SD  by  means  of  this  method 
with  a  prism  spectrograph,  bands  whose  rotational  structure  was  par¬ 
tially  resolved.  Prom  these  data  Porter  calculated  roughly  approximate 

2  2 

values  of  the  vibratr.onal  constants  of  SH  in  the  states  A  2  and  X  II. 

Afterwards  the  bands  0-0  and  1-0  of  the  radicals  SH  and  SD  were  obtain¬ 
ed  by  Ramsay  [3356]  by  means  of  the  method  of  pulsed  photolysis,  with 
well  resolved  rotational  structure  in  second  order  of  a  spectrograph 
with  a  21-foot  grating.  Johns  and  Ramsay  [2259b]  obtained  the  2-0  bands 
of  these  radicals  with  the  help  of  the  same  method,  in  fourth  order 
of  an  analogous  spectrograph. 

Ramsay  [3356]  analyzed  the  rotational  structure  of  the  bands  0-0  and 
1-0  in  detail  and  determined  exact  values  of  the  rotational  constants 

(BQandl^Jand  the  constants  of  spin-orbital  coupl ing(AQ and  7Q)f or  the  states 

2  p  4*  i 

X  n±  and  A  z  of  the  radicals  SH  and  SD  and  also  the  excitation  ener-  \J 

2  + 

gies  of  the  A  2  states  of  these  radicals  and  the  values  of  the  con¬ 
stants  AGi  and  of  these  states.  On  the  basis  of  these  data  Ramsay 
calculated  approximate  values  of  the  constants  v  ,  o>*,  co'X^,  oj",  o^x", 

B”  and  of  the  radicals  SH  and  SD,  making  use  of  the  relations  (1.43), 
the  approximate  relation  (1.38)  and  of  the  assumption  that  v  (SH)  = 

=  vg  (SD).  An  analysis  of  the  rotational  structure  of  the  2-0  bands 
of  the  radicals  SH  and  SD,  carried  out  by  Johns  and  Ramsay  [C259bj,  per¬ 
mitted  an  essential  completion  of  the  data  obtained  previously  by  Ram¬ 
say  [3356]  so  that  these  authors  could  determine  the  values  of  the 

2  + 

molecular  constatns  of  SH  and  SD  in  the  A  2  state,  without  applying 

Eqs.  (1.43). 

The  values  of  the  molecular  constants  of  SH  in  the  X2^  state  and 
2  + 

in  the  A  2  state,  accepted  in  the  present  Handbook,  are  given  in  Table  > 

78.  The  vibrational  constants  of  SH  in  the  state  given  in  Table 
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78  are,  as  already  mentioned,  taken  from  Leach’s  data  [2574],  the  ro¬ 
tational  constants  Bg  and  ct^  were  calculated  by  Khachkuruzov  [441]  from 
data  of  [3356]  and  [2574],  allowing  for  the  correlation  of  the  values 
of  molecular  constants  of  diatomic  hydrides  and  deuterides  of  the  ele¬ 
ments  of  the  second  and  third  periods  of  Mendeleyev's  Sable.  The  value 
of  the  constant  DQ  of  the  X2^  state  of  SH  given  in  Table  78  was  deter- 

O  J, 

mined  by  Ramsay  [3356].  The  molecular  constants  of  SH  in  the  A  f  state 
given  in  Table  78  were  determined  by  Johns  and  Ramsay  [2259a]  on  the 
basis  of  results  of  analyzing  the  rotational  structure  of  the  bands  0-0, 
1-0  [3356]  and  2-0  [2259b].  The  values  of  the  excitation  energy  of  the 

p  t 

AS  state  of  SH,  given  in  Table  78,  are  based  on  the  quantity  vQ0  = 

=  30662.42  cm-1,  determined  in  Ramsay's  work  [3356],  and  the  values  of 

the  vibrational  constants  of  SH  in  the  states  and  A2s+. 

**  1  ~ 

SF.  The  spectrum  of  the  diatomic  radical  SF  has  not  been  observed. 
None  the  less,  an  investigation  of  the  lavra  governing  the  values  of  the 
constants  of  diatomic  molecules  makes  it  possible  to  predict  approxi¬ 
mate  values  of  the  molecular  constants  of  SF. 

The  electron  ground  state  of  the  radical  SF  must  be  the  same  as 
with  the  isosteric  radicals  CIO,  OF,  OH,  SH,  i. e.,  a  2n1  state.  A  com¬ 
parison  of  the  molecular  constants  of  diatomic  fluorides  of  the  ele¬ 
ments  of  the  second  and  third  periods  as  well  as  the  application  of  da¬ 
ta  of  the  corresponding  compounds  in  multiatomic  fluorides  of  the  same 
elements  makes  it  possible  to  estimate  the  values  of  the  interatomic 

O 

distance  and  the  force  constant  of  the  radical  rg  =  1.60  ±  0. 05  A, 
k  =  (4. 6  ±  0.2)  •  10^  dyne- cm-1.  To  these  .  .lues  of  the  constants  r 

W  C 

and  k  correspond  the  values  of  the  constants  B.  and  to  given  in  Table 

C  v  C 

78  and  accepted  in  the  present  Handbook.  The  error  of  the  accepted  val- 
:e  of  the  vibration  frequency  of  SF  was  estimated  to  amount  to  ±  30  cm""1, 

that  of  the  constant  Be  to  ±0.05  cm-3-. 

SO^.  The  sulfur  dioxide  molecule  is  nonlinear,  symmetrical  (point 
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group  of  symmetry  Cgy)  and  has  three  fundamental  frequencies  in 
both  the  Infrared  spectrum  and  the  Raman  spectrum. 

The  results  of  studying  the  Infrared  spectrum  and  the  Raman  spec¬ 
trum  of  SOg»  obtained  until  1944,  were  considered  by  Iierzberg  [152]. 

In  these  Investigations  only  a  narrow  section  of  the  SOg  spectrum  was 
comprised,  ranging  from  500  to  2500  cm"1.  The  rotational  structure  of 
the  bands  was  only  resolved  by  Barker  [637];  according  to  his  measure¬ 
ments  the  fundamental  frequencies  S02  are  the  following:  v1  «  1151.38, 
v2  =  517.84,  v3  «  1361.50  cm"1. 

.  Later  on  Shelton,  Nielsen  and  Fletcher  [3699,  3700,  30773  studied 
the  infrared  absorption  spectrum  of  sulfur  dioxide  In  the  range  450- 
5500  cm"1  In  which  they  observed  17  bands  of  SOg.  But  only  with  seven 
bands*  they  succeeded  in  resolving  and  analyzing  the  rotational  struc¬ 
ture.  In  order  to  determine  the  vibrational  constants  of  SOg,  Shelton, 
Nielsen  and  Pletcher  approximated  the  wave  numbers  of  the  centers  of 
the  bands  Investigated  by  polynomials,  quadratic  in  the  vibrational 
quantum  numbers.  The  values  of  the  vibrational  constants  of  SOg  obtain¬ 
ed  by  Shelton,  Nielsen  and  Pletcher  [3699#  3700]  are  accepted  In  the 
present  Handbook  and  given  In  Table  79* 

The  fundamental  frequencies  of  S0g**are,  according  to  data  of  these 
authors,  equal  to  =  1151.38,  Vg  =  517.69,  v0  =  1361.76  cm"1. 

The  accuracy  of  the  SOg  vibrational  constants  in  Table  79  is 
not  high  since  in  papers  [3699»  3700]  they  have  been  determined  from 
the  band  centers  and  not  from  the  zero  lines  and  in  their  determination 
the  possibility  of  resonance  interactions  between  the  vibrational  states 
of  SOg  was  not  taken  into  account.  Judging  from  the  differences  between 
the  experimental  and  the  calculated  values  of  the  centers  of  the  bands, 
the  errors  of  she  frequencies  of  the  normal  vibrations  of  the  SOg  mole¬ 
cule..  given  in  Table  79,  may  amount  to  ±2  cm"1  and  those  of  the  con- 


TABLE  79 


Accepted  Values  (in  cm"1)  of  the  Molecular 
Constants  of  S0P  (a  =  2) 


1)  Constant;  2)  value. 


—1 

stants  of  anharmonlclty  to  from  0.5  to  1  cm  .  For  seven  bands  of  SOg 
with  resolved  rotational  structure  (see  note  to  page 604 )  Shelton,  Niel¬ 
sen  and  Fletcher  [36993  made  an  approximate  analysis  of  the  rotational 
structure,  taking  into  account  that  the  SOg  molecule  resembles  a  sym¬ 
metrical  top.  This  fact  enabled  the  authors  of  paper  [3699]  to  find  ap¬ 
proximate  values  of  the  differences  A_  _  „  —  EL  v  „  for  the  vibra- 
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tlonal  constants  of  (100),  (010),  (200)  and  the  values  of  the  constant 
Bviv2v3  for  the  states  in  (001),  (101 )  and  (Oil).* 

The  pure  rotation  spectrum  of  SOg  lies  in  the  microwave  range. 

The  microwave  spectrum  of  SOg  was  investigated  for  the  first  time  by 
Dailey,  Golden  and  Wilson  [1244]  who  determined  the  frequency  of  11 
transitions  between  high  rotational  energy  levels.  On  the  basis  of  the 
corresponding  quantum-mechanical  formulas  for  the  rigid  rotator  and 
approximate  allowance  of  the  effect  of  centrifugal  elongation,  these 
authors  determined  the  values  of  the  structural  parameters  of  the  SOg 
molecule;  they  were  in  agreement  with  the  results  of  electron  diffrac¬ 
tion  studies  [5173*  The  values  of  the  frequencies  of  rotational  tran¬ 
sitions  of  SOg,  calculated  in  paper  [1244]  are,  however,  rather  differ¬ 
ent  from  the  values  obtained  by  observation.  This  stimulated  Slrvetz 
[3752]  again  to  study  the  microwave  range  of  the  SOg  spectrum  and  to 
take  the  centrifugal  distortion  better  into  account  when  analyzing  the 


measuring  results.  On  the  basis  of  thes-  data,  he  determined  the  val¬ 
ues- of  the  principal  moments  of  inertia  of  the  SOg  molecule  for  the 
vibrational  ground  state. 

.=_•  Crable  and  Smith  [1208]  measured  the  frequencies  of  six  rotational 
transitions,  corresponding  to  63  -  0  and  +1  between  lower  rotational 
energy  levels  (J  «  0-7).  Por  these  levels  the  influence  of  the  centri- 
fugal  distortion  of  the  molecules  is  insignificant  so  that  the  authors 
of  paper  [1208]  calculated  the  rotational  constants  of  SOg  without  in¬ 
troducing  corrections  for  the  centrifugal  distortion.  The  values  of  the 
rotational  constants  of  SOg  obtained  by  Crable  and  Smith  are  accepted 
in  the  present  Handbook  and  given  in  Table  79.  The  values  of  the  cor¬ 
responding  quantities  calculated  according  to  Sirvetz'  data  [3752]  are, 
within  the  limits  of  error  of  determination.  In  agreement  with  those 
given  in  Table  79. 

Klvelson  [2424]  used  the  results  of  measuring  the  microwave  spec¬ 
trum  of  SOg  obtained  by  C-rable  and  Smith  [1208]  and  Sirvetz  [3752]  and 
the  equation  for  the  rotational  energy  levels  of  nonrlgid  asymmetric 
rotators  (almost  symmetrical)  he  had  derived  together  with  Wilson  [2425], 
in  order  to  calculate  the  rotational  and  centrifugal  constants  of  the 
SOg  molecule.  The  values  of  the  rotational  constants  of  SOg,  calculat¬ 
ed  by  Klvelson,  also  agree,  within  the  limits  of  error  of  determination, 
with  the  values  obtained  by  Crable  and  Smith  [1208].* 

The  values  of  the  rotational  constants  given  in  Table  79  corres¬ 
pond  to  the  following  values  of  structural  parameters  of  the  S02  mole¬ 
cule:  rg_0  «  1.4321  A,  <0-S-0  *  U9°21#. 

The  pure  rotation  spectrum  of  SOg  in  the  infrared  was  obtained  by 
Dantl  and  Lord  [1260]  in  the  range  100-200  p.'  The  results  of  measuring 
the  infrared  spectrum  of  SOg  in  tl  is  range  and  the  values  of  the  ro¬ 
tational  constants  of  SOg,  determined  from  the  microwave  spectra  [2424], 
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enabled  the  authors  of  paper  [1260]  to  determine  the  value  of  the 
constant  of  centrifugal  distortion,  =  7.61*10“-^  cm”1,  in  agree¬ 
ment  with  the  value  calculated  from  the  force  constants  of  SOg.  In 
paper  [1C60]  the  values  of  two  other  constants  of  centrifugal  distor¬ 
tion  of  the  SOg  molecule  were  also  calculated. 

We  know  a  great  many  investigations  of  the  electron  spectra  of 
SOg.  The  corresponding  papers  were  treated  in  the  reviews  of  Sponer 
[3825,  3827],  Walsh  [4l40]  and  Mulliken  [3002].  According  to  Walsh 
[4140],  the  states  1B1  and  1Bg  with  excitation  energies  of  25,775  and 
29,622  cm”1,  respectively,  [2864,  2863],  are  nearest  to  the  electron 
ground  state  (1A.)  of  SOg. 

SOj.  Raman  spectrum  analyses  [16853,  measurements  of  the  dipole 
moments  [3804]  and  analyses  of  the  results  of  electron  diffraction 
measurements  [3170]  agreed  in  the  result  that  the  SO^  molecule  is  of 
plane  symmetry  with  the  structure  of  a  regular  equilateral  triangle 
with  the  sulfur  atom  In  Its  center  and  the  oxygen  atoms  at  the  verti¬ 
ces  (point  group  of  symmetry  V-  From  the  fact  that  It  belongs  to 
the  point  group  of  symmetry  it  follows  that  the  SQ^  molecule  must 
have  four  fundamental  frequencies:  one  frequency  of  plane  symmetrical 
vibration,  v^,  one  frequency  vg  of  nonplane  vibration,  and  two  doubly 
degenerate  frequencies  and  v^.  The  frequencies  and  correspond 
to  plane  vibrations  of  the  molecule,  to  an  antisymmetric  valency 
vibration  and  v^  to  a  deformation  vibration.  The  frequencies  v^, 
and  must  be  active  in  the  Raman  spectrum  and  the  frequencies  Vg, 
and  v^  in  the  infrared  spectrum. 

The  Raman  spectrum  of  liquid  sulfur  trioxide  was  investigated  in 
a  series  of  papers  [808,  4083,  631#  1685];  the  Raman  spectrum  of  the 
gas,  however,  was  studied  in  a  single  paper  [1685].  The  infrared  spec¬ 
trum  was  obtained  for  both  the  liquid  and  the  gas  [1684].  The  spectra 


of  liquid  and  gaseous  sulfur  trioxide  differ  essentially  from  one 
■another.  This  is  due  to  the  fact  that  the  sulfur  trloxide  vapor  con¬ 
sists  of  30^  molecules  [2578],  whereas  in  the  liquid,  owing  to  the 
strong  polymerization,  complex  molecules  (S0^)n  exist  besides  the  SO^ 
molecules  [1685]. 

'  The  Raman  spectrum  of  gaseous  sulfur  trioxide  was  obtained  by 
Gening,  Nijveld  and  Muller  [1685]  who  discovered  in  it  a  single  line 
ht:.1069  cm”1,  corresponding  to  the  intense  line  at  1068  cm”1  in  the 
Raman  spectrum  of  liquid  sulfur  trioxide  [808,  4033].  The  Identity  of 
this  line  of  the  SO^  molecule  is  not  suoject  to  doubt  j  it  follows  from 
polarization  measurements  [808,  4083]  that  it  corresponds  to  the  fre¬ 
quency  of  the  fully  symmetrical  vibration  v^. 

Unlike  the  gas  spectrum,  in  the  Raman  spectrum  of  liquid  sulfur 
trloxide  a  great  number  of  lines  were  discovered  in  the  interval  from 
120  to  1500  cm”1  by  Gerding,  Nijveld  and  Muller  [16851.  In  order  to 
find  out  which  of  these  lines  belongs  to  the  SO^  molecule,  the  authors 
of  paper  [1685]  studied  the  Raman  spectra  of  liquid  sulfur  trioxide 
at  various  temperatures  and  the  Raman  spectra  of  liquid  mixtures  of 
SO^  and  SOg  with  varying  content  of  sulfur  trloxide.  It  was  observed 
that  in  the  Raman  spectra  of  liquid  sulfur  trioxide  the  intensity  of 
three  lines,  corresponding  to  the  frequencies  532,  1068  and  1389  cm”1, 
increases  as  the  temperature  rises.  The  intensities  of  the  same  lines 
in  the  Raman  spectra  of  the  mixtures  Increased  as  the  quantity  of  sul¬ 
fur  dioxide  dropped.  Prom  this  observation  Gerding,  Nijveld  and  Muller 
drew  the  conclusion  that  these  three  lines  belong  to  the  SO^  molecule. 
Measurements  of  the  degree  of  polarization  of  the  lines  at  1389  and 
532  cm”1  [4083,  631]  showed  that  they  are  depolarized.  Owing  to  this 
they  were  attributed  the  frequencies  and  by  the  authors  of  [1685]. 
The  similarity  of  the  values  of  these  frequencies  and  the  frequencies 


Vg  and  v2  of  the  SOg  molecule  was  considered  In  paper  [1685]  as  an 
additional  argument  (see  page6o4). 

Gerding  and  Lecomte  [1684]  obtained  the  Infrared  absorption  spec¬ 
trum  of  gaseous  and  liquid  sulfur  trioxide  in  the  range  of  500  to  1430 
cm-1  with  a  low-dispersion  prism  spectrometer.  In  the  spectrum  of  gas¬ 
eous  sulfur  trioxide  these  researchers  oberved  two  bands  of  medium  in¬ 
tensity  at  652  and  1123  cm**1  and  a  very  Intense  band  at  1333  cm-1.  Ger¬ 
ding  and  Lecomte  interpreted  the  frequency  of  652  cm"1  as  the  frequency 
of  the  nonplane  vibration  of  Vg,  the  1123  cm*"1  frequency  was  attributed 
to  the  SOg  admixture  to  the  sulfur  trioxide  sample  under  investigation, 
and  the  frequency  of  1333  cm"*1  was  interpreted  as  the  frequency  of  the 
plane  antisymmetrical  vibratlr  '  of  v^.  Taking  into  account  the  results 
of  Raman  spectrum  investigations  [1685],  Gerding  and  Lecomte  [1684] 
recommended  the  following  values  for  the  fundamental  frequencies  of  the 
SO^  molecule:  «  3069,  Vg  =  652,  v-  =  1333,  -  532  cm"*1;  they  were 

accepted  in  Herzberg  *  s  monograph  [152].  But  in  the  handbook  by  Yost 
and  Russel  [4365]  and  in  the  paper  of  Stockmayer,  Kavanagh  and  Mickley 
[3871]  quite  other  values  were  used  for  the  fundamental  frequencies  of 
SO^,  namely  «  IO69,  Vg  =  532,  »  1333*  «  560  cm"1,  as  suggested 

by  Stevenson.  The  fact  that  Stevenson  revised  the  interpretation  of  the 
vibrational  spectra  of  SO^  was  caused  by  the  disagreement  between  the 
thermodynamic  functions  of  SO^,  calculated  on  the  basis  of  the  frequen¬ 
cies  recommended  by  Gerding  and  Lecomte  [1684]  and  the  structural  para¬ 
meters  found  by  Palmer  [3170]  on  the  one  hand  and  the  experimental  val¬ 
ues  of  the  equilibrium  constants  of  the  reaction 

SQ»  («••)  *=  SQi  («•• ) + y  0,  (••• ),  (23.1) 

determined  in  the  papers  [854,  3948,  213]  etc.,  on  the  other.  It  is, 
however,  easy  to  show  [442,  443]  that  the  change-  in  the  frequency 
values  Vg  and  v^,  suggested  by  Stevenson,  are  voluntary  and  are  in  con- 


tradiction  tilth  the  absence  of  absorption  In  the  Infrared  spectrum 
of  SOg  In  the  range  of  from  500  to  650  cm-1,  established  by  Qerdin 
and  Lecomte.  Moreover,  the  values  of  the  thermodynamic  functions  of 
gaseous  sulfur  trloxide,  calculated  on  the  basis  of  Stevenson’s  val¬ 
ues  of  the  S0a  frequencies,  do  not  correspond  to  the  experimental  val- 
ues  of  the  equilibrium  constants  of  reaction  (13.1)  either. 

i  The  discrepancy  between  the  thermodynamic  functions  of  gaseous 
sulfur  tricxide,  calculated  from  the  frequencies  of  SO^,  recommended 
by  Qerdlrg  and  Leconte  [1684]  and  the  experimental  values  of  the  equili¬ 
brium  constants  of  reaction  (13- l)  are,  apparently,  due  to  the  fact 
that  the  frequencies  v^,  Vg,  as  used  by  Gerding  and  Lecomte  were 
determined  from  the  spectra  of  gaseous  sulfur  trioxide,  whereas  the 
frequency  v^  was  chosen  on  the  basis  of  studies  of  the  Raman  spectrum 
of  liquid  sulfur  trioxide  [1685].  Sy  way  of  the  example  of  the  fre¬ 
quency  we  may  see  how  strongly  the  quantities  of  one  and  the  same 
frequency  of  the  SO^  molecule  may  differ  if  we  compare  gas  and  liquid. 

3ii  an  investigation  of  the  Raman  spectrum  of  liquid  sulfur  trioxide  a 
value  of  1389  cm”1  was  obtained  in  [1685]  for  v^,  while  the  infrared 
spectrum  of  the  gas  yielded  a  value  of  1333  cm”*  [1684].  We  must  there¬ 
fore  expect  that  the  frequency  of  the  free  SO^  molecule  has  a  lower 
value  than  that  of  the  nonfree  SO^  molecule  in  the  liqu.'d,  which,  ac¬ 
cording  to  [1685,  1684]  is  equal  to  532  cm-1  Calculations  carried  out 
by  Khachkuruzov  [442,  443],  based  on  an  application  of  the  most  relia¬ 
ble  experimental  values  of  the  equilibrium  constants  of  reaction  (13.1) 
and  data  from  (3528,  3508]  for  the  thermal  effect  of  this  reaction, 
showed  that  for  the  free  SO^  molecule  in  the  gas  =  440  ±  30  cm”3 
In  Table  80  y®  find  the  values  of  the  fundamental  frequencies  of 
S0^  and  the  value  of  the  product  of  the  principal  moments  of  inertia 
of  this  molecule  accepted  in  the  present  Handbook.  The  latter  quantity 
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was  calculated  on  the  basis  of  the  following  values  of  the  structural 
parameters  of  the  SO^  molecule  rg_0  ®  1.43  *  0.02  A,<  O-S-O  «  120  ; 
they  were  obtained  by  Palmer  [3170]  when  analyzing  the  results  of  elec¬ 
tron  diffraction  measurements. 


TABLE  GO 

Accepted  values  of  the  molecular  con¬ 
stants  of  30^  and  SgO 


1)  Molecule;  2)  cm*"1;  3)  g^.cin*. 


SgO.  The  existence  of  sulfur  semloxlde  molecules  was  proved  by 
Meschi  and  Myers  in  1956  [2854,  2855]*  Paper  [28543  gives  the  results 
of  mass-spectrometrical,  stolchiometrical  and  gasometrlcal  investiga¬ 
tions  of  the  so-called  "sulfur  monoxide  Schenk"*  and  showed  that  this 
substance  is  an  equimolecular  mixture  of  sulfur  dioxide  and  semioxide. 
This  conclusion  was  verified  by  studies  of  the  microwave  spectrum  of 
"sulfur  monoxide  Schenk"  [2855*  2856].  The  conclusion  as  to  the  content 
of  a  compound  of  the  type  (SgO)x  in  "sulfur  monoxide  Schenk"  was  drawn 
already  earlier  in  investigation  by  [3386]  and  Murthy  [3012]. 

The  studies  of  the  microwave  spectrum  of  sulfur  semloxlde  made  by 
Meschi  and  Myers  [2855,  2856]  showed  that  the  SgO  molecule  is  nonlinear 
with  the  sulfur  atom  at  the  vertex  of  the  angle.  The  value  of  the  ro¬ 
tational  constants  of  SgO,  obtained  in  the  papers  [2855,  2856],  Aqqq  * 
1.39811,  Bqqq  =  0.16375*  Cqqo  =  O.15034  cm"1,  were  used  as  basis  for  a 
calculation  of  the  product  of  the  principal  moments  of  inertia  of  the 
SgO  molecule  given  in  Table  80.  According  to  calculations  of  Meschi  and 

Myers,  [2856],  the  structural-parameter  values  of  SgO  corresponding  to 
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it*  are  equal  to  rg_Q  =  1.465  ±  0.010,  rg_g  =  1.884  ±  0.010  A  <  S-S-0 
»  il8°  ±  30 

st'idies  of  the  absorption  spectra  of  vapor  of  "sulfur  mon- 
dxJ^epScheric"  [1177*  246,  247*  2289]  bands  were  observed  in  the  ultra- 
violet  and  infrared  ranges  which  belong  to  SgO,  but  previously  they 
were  falsely  attributed  to  other  molecules.  The  most  complete  study  of 
the  S^O- absorption  spectrum  was  carried  out  by  Jones  [2289].  Jones 
[2289]  obtained  the  infrared  absorption  spectrum  of  SgO  in  the  range 
400-2000  cm”1  with  the  help  of  a  prism  spectrometer,  and  the  ultra- 
violet  spectrum  in  the  range  from  2500  to  3500  A  in  second  order  of  a 

;:r  .  o 

concave  diffraction  grating  with  a  dispersion  of  1.2  A/mm.  In  the  in- 

■  -if.  '■  f  - 

frared  spectrum  Jones  discovered  two  bands  of  the  types  A  and  B  whose 
centers  were  at  679  and  II65  cm”1,  respectively.  In  the  ultraviolet 
spectrum  he  observed  a  system  of  diffuse  bands  in  the  range  from  3100 
to  3400  A.  These  bands  were  previously  observed  with  a  device  of  low¬ 
er  dispersion  by  Cordes  and  Schenk  [1177]  and  Kondratyev  [246,  247]. 
Jones  [2289]  could  partially  analyze  the  vibrational  structure  of  one 
subsystem  of  bands  in  the  ultraviolet  spectrum  of  SgO.  The  vibration 
frequencies  of  the  SgO  molecule  corresponding  to  them  proved  to  be  equal 
to  679  cm”1  and  about  400  cm”1  in  the  ground  state  and  in  the  excited 
electron  state,  respectively. 

Jone3  tried  to  Interpret  the  spectrum  described  in  paper  [2289] 
on  the  basis  of  the  assumption  that  It  pertains  to  the  SgOg  molecule. 
Among  all  possible  structural  types  of  the  SgOg  molecule,  the  trigonal 

model  Is  the  only  one  that  is  In  approximate  agreement  with 

the  band  contours  observed  in  the  infrared.  Meschi  and  Myers  [2854-2856] 
showed  that  the  bands  with  the  centers  at  679  and  II65  cm”1,  observed 
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by  Jones,  must  in  fact  be  interpreted  as  the  frequencies  and  of 
the  symmetric  and  antisymmetric  vibrations  of  the  SgO  molecule.  The 
calculations  of  the  fundamental  frequencies  of  the  SgO  molecule,  car¬ 
ried  out  in  paper  [2856],  which  were  based  on  the  assumption  that  the 
tensile  force  constants  of  the  bonds  S-S  and  S-0  are  quite  the  same  as 
with  the  molecules  of  Sg  and  SOg  and  that  the  deformation  constant  of 
SgO  is  the  same  as  in  the  case  of  SOg,  yielded  the  following  results: 
v  =  660,  Vg  =  36O,  v3  =  1150  cm*"1.  Analogous  calculations  made  by  the 
authors  of  the  Handbook  before  par [2856]  was  published  resulted  in 
the  following:  V1  =  728,  Vg  =  412,  Vj  =  1274  cm'1.  The  results  of  these 
calculations  are  in  good  agreement  with  Jones1  spectroscopic  data.*  In 
the  present  Handbook  we  therefore  used  the  values  determined  by  Jones 
[2289]  from  the  infrared  spectrum  as  the  fundamental  frequencies  of  the 
valency  vibrations  of  SgO  and  estimated  the  deformation  frequency  Vg 
as  amounting  to  370  ±  30  cm”1  (see  Table  80).  Mesehi  and  Myers  [2856] 
estimated  a  value  of  vg  =  370  ±  30  cm”1  from  the  side  lines  in  the  mic¬ 
rowave  spectrum  of  SgO,  noting  that  Blukis,  in  an  unpublished  paper, 
found  a  value  of  vg  =  387  cm"1,  studying  the  infrared  spectrum  of  SgO. 

The  hydrogen  sulfide  molecule  is  nonlinear,  symmetrical 
(point  group  of  symmetry  C^)  and  has  three  fundamental  frequencies 
which  are  active  in  both  the  infrared  spectrum  and  the  Raman  spectrum-** 
The  results  of  spectroscopic  studies  of  hydrogen  sulficd  obtained  until 
1944  are  considered  in  Herzberg’s  book  [1523-  Later  on  these  data  were 
considerably  improved  and  completed  owing  to  the  development  of  the 

technique  of  recording  infrared  spectra. 

Individual  sections  of  the  infrared  absorption  spectrum  of  hydrogen 

sulfied  were  obtained  with  high  resolution  and  analyzed  in  the  papers 
[1225,  1212,  1931,  1838,  3099,  502,  503,  505-508,  2809,  3093,  2177, 

3146,  499,  35973-  On  the  basis  of  the  results  of  these  studies  Table 
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81  was  compiled  which  contains  the  values  of  the  vibrational  energy 
levels  and  effective  values  of  the  rotational  constancs  of  20  vibra¬ 
tional  states  of  the  H0S  molecule. 

Bailey,  Thompson  and  Hale  [622]  were  the  first  who  succeeded  in 
determining  the  vibrational  constants  of  HgS.  But  these  authors  had 
only  very  limited  and  inaccurate  data  on  the  spectrum  of  the  HgS  mole¬ 
cule  at  their  disposal  so  that  the  values  of  the  vibrational  constants 
they  calculated  are  of  mere  historical  interest.  On  the  basis  of  much 
more  accurate  experimental  values  of  the  vibrational  energy  levels. 
Alien,  Cross  and  King  [504]  calculated  the  vibrational  constants  of 
HgS>  taking  into  account  the  Darling-Dennison  resonance  between  the 
vibrational  states  (v^  £  2,  vg,  v^)  and  (v1  —  2,  vg»  v^  +  2).  The  val¬ 
ues  of  the  vibrational  constants  of  HgS,  obtained  \>y  Allen,  Cross  and 
King  differ  essentially  from  tho«i  obtained  previously  in  paper  [622]. 
A  value  of  47  cm"*1  was  obtained  in  paper  [504]  for  the  constant  W  of 
Darling-Dennison  resonance. 

In  connection  with  ne-r  studies  of  the  Infrared  spectrum  of  hy¬ 
drogen  sulfide,  the  vibrational  constants  of  HgS  were  recalculated  by 
Allen  and  Plyler  in  paper  [508].  The  calculations  were  based  on  an 
approximation  of  the  vibra-Lonal  energy  levels  by  a  square  expression, 
allowing  for  the  Darling-Dennison  resonance  between  the  vibrational 
states  (v1  ^  2,  vg,  v^)  (v^  —  2,  vg,  v^  +  2).  The  values  of  the  vibra¬ 
tional  constants  of  HgS  obtained  in  paper  [508]  are  accepted  In  the 
present  Handbook  and  given  In  Table  82. 

The  values  of  the  vibrational  constants  of  HgS  obtained  by  Allen 
and  Plyler  [508]  resemble  the  values  found  by  Allen,  Cross  and  King 
[504]. *  The  values  of  the  vibrational  constants  given  In  Table  82  give 
a  satisfactory  description  of  the  vibrational  energy  levels  of  ^S, 
corresponding  to  v^,  v^  <  3  and  vg  ^  2.  it  may  be  expected,  however. 
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TABLE  81 

Experimental  Values  (in  cm"*)  of  the  Vibrational 
Energy  Levels  and  the  Rotational  Constants  of 

h2s 


t 

B»A*i 

1  Ptfon 

'  000 

0 

10,373* 

8,991* 

4.732* 

(1225, 18381 

•  oio 

1182,68® 

10,724* 

9,211  * 

4,670* 

(5081 

020 

2353,03® 

11,099* 

9,443* 

4,610* 

(4991  = 

i  100 

2614,56® 

10,249* 

8,831* 

4,663* 

(4991 

00! 

2625* 

9,90  r 

9,04  r 

4,65  r 

(19311 

110 

3778,23 

10,595* 

8,985* 

4,603* 

(3597) 

(oil 

3789,07® 

10,517* 

9.124*  • 

4,619* 

[3597] 

021 

4939,23® 

10,871  * 

9,332* 

4,562* 

*  1506] 

j‘  200 

5145,12 

10,059 

8,719 

4,612 

(5061 

i  101 

5147,36® 

10,078* 

8,709* 

4,608* 

1506] 

,  *210 

6288,28 

10,394 

8.918 

4,547 

(507] 

(  lit 

6289,26® 

19,398* 

8,935* 

4,548* 

(5071 

5  201 

7576.3® 

9,97 

8,54 

4.55 

11838] 

i  300  ■ 

7751.9 

10,08 

8,52 

4,54 

[1838] 

003 

7779.2® 

9,80 

8,68 

4,57 

(1838] 

211 

*8697,3 

10,29 

8,75 

4.48 

(2177J 

301 

9911,05® 

9,883 

8.340 

4.474 

[1225. 18381 

004 

10188,25 

9,605 

8,560 

4.477 

[1838] 

103 

10194.48® 

9,698 

8,466 

4.490 

(1838] 

311 

11008.78 

10,197 

8.559 

. 

4.411 

(2177] 

aUsed  In  paper  [205]  to  calculate  the  constants  of  vibration 
rotation  interaction,  given  In  Table  82. 

"‘Used  in  paper  [508]  to  calculate  the  vibrational  constants 
given  in  Table  82. 

cAllen  and  Plyier  [508],  by  way  of  calculations,  obtained  a 

value  of  2627.48  cm"1  for  the  center  of  the  -band. 

d  j  ,  . 

The  values  of  the  rotational  constants  of  the  state  of  (001) 

obtained  in  paper  [1931]  requires  verification. 

1)  Paper. 


that  these  constants  only  permit  a  rather  approximate  description  of 
the  higher  vibrational  energy  levels  of  H^S,  corresponding  to  high 
values  of  the  vibrational  quantum  numbers. 
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The  rotational  constants  of  the  vibrational  ground  state  of  HgS 
were  determined  for  the  first  time  by  Cross  [1225]  as  the  result  of 
analyzing  the  rotational  structure  of  the  band  3V^  +  Vy  obtained  by 
means  of  a  device  with  high  dispersion  (2.5  A/tm).  Taking  the  classical 
correction  for  the  rigidity  of  the  molecule  into  account.  Cross  ob¬ 
tained  the  following:  A ^  =  10.373*  BQ00  =•  8.991*  COQO  *  4.732  cm*"1, 
later  oh  Crawford  and  Cross  [1212]  again  analyzed  the 


TABLE  82 

Accepted  Values  (in  cm"1)  of  the  Molecular  Con¬ 
stants  of  HgS  (c=  2). 
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2721,92 
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-21,09 

** 
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0,190  | 

1214.51 

Jft* 

-94,68 

A 

— b.222  j 

«•* 

2733,36 

K 

10,360 

A 

0,092  I 

j 

-25.09 

< 

0.124 

c. 

4.8225 

f 

-5.72 

A 

-0,351 

A 

0,069 

i  «• 

-24,00 

A 

0,201 

A 

0.060 

1  * 

—19.69 

9,021 

A 

0,052 

l)  Constant;  2)  state. 


rotational  structure  of  the  band  3v1  +  (from  data  of  paper  [1225]), 

applying  the  quantum-mechanical  theory  of  centrifugal  distortion  of 

multiatomlc  molecules  [4288].  r  aey  obtained  the  following  values  of 

the  rotational  constants  of  HgS:  AQ0Q  -  10.393,  BQ00  =  9-040,  C00Q  = 

=  4.723  cm"1,  recommended  in  Gertsberg’s  monograph  [152]. 

Grady,  Cross  and  King  [1838],  using  a  device  of  high  dispersion, 

could  resolve  the  rotational  structure  of  the  bands  4v_  and  v.  +  3v0. 

o  1  o 

A  structural  analysis  of  these  bands  yielded  the  same  values  of  the  ro¬ 
tational  constants  of  the  vibrational  ground  state  as  were  obtained  pre¬ 
viously  in  paper  [1225]. 

The  values  of  the  rotational  constants  of  HgS  in  the  vibrational 
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ground  state  were  also  determined  from  the  pure  rotation  spectrum  in 
the  infrared.*  With  the  help  of  a  vacuum  spectrometer  with  a  set  of 
diffraction  gratings,  Genzel  [1679]  measured  the  frequency  of  89  ro¬ 
tational  transitions  of  HgS  in  the  range  10-85  cm*”1  and  calculated  the 
following  values  of  the  rotational  constants  (without  a  correction  for 
the  centrifugal  distortion):  AQ00  =  10.340,  Eqqq  =  9.034,  =  4.725 

cm-*1.  Burrus  and  Gordy  [1030]  measured  the  frequencies  of  the  rotation¬ 
al  transitions  l_;fl+1  (f°r  HgS^2,  HgS^,  HgS^)and  2Q-2+g  (for  HgS^2) 

in  the  microwave  range  and,  ignoring  the  effect  of  z< vibrations,** 
they  obtained:  AQ00  =  xo.551,  =  9.223,  C000  =  4.921  cm*”1. 

In  the  present  Handbook  we  chose  the  values  obtained  by  Cross  et 
ai.  in  [1225,  1838]  for  the  rotational  constants  of  the  vibrational 
ground  state  of  HgS,  since  in  the  papers  [1212,  1679,  1030]  the  values 
of  these  constants  were  determined  less  accurately.  The  errors  of  the 
accepted  values  of  the  constants  A000  and  Bqqq  are  not  lower  than 
±0.05  cm  1  and  the  value  accepted  for  the  constant  Cqqq  has  an  error  of 
at  least  ±0.01  cm-*1. 

Table  8l  gives  the  effective  values  of  the  rotational  constants 
of  HgS  for  20  vibrational  constants,  obtained  by  a  series  of  researchers 
cn  the  basis  of  analyses  of  the  corresponding  band3  of  the  vibration^ 
rotation  spectrum.  The  effective  values  of  the  rotational  constants  for 
the  nine  nonperturbed  vibrational  states  of  HgS,  given  in  Table  8l, 
were  used  by  Kane  [205]  in  order  to  calculate  the  vibration-rotation 
constants  and  the  equilibrium  values  of  the  rotational  constants**  which 
were  accepted  in  the  present  Handbook  and  are  given  in  Table  82. 

The  following  values  of  the  structural  parameters  correspond  to 
the  equilibrium  values  of  the  rotational  constants  of  the  HgS  molecule 
given  in  Table  82:  rg  (S-H)  =  I.336O  A,  <H-S-H  =  92°13#. 

The  electron  spectrum  of  the  HgS  molecule  was  studied  in  the  pa- 
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p ers  [3321,  2010,  843,  33253- #  ^  the  range  2000-3000  A  Price,  Teegan 
and  Walsh  [33253  observed  a  continuous  spectrum.  Discrete  bands  were 

O 

observed  in  the  range  1190-1600  A.  It  was  shown  in  the  papers  [3321, 
33253  that  the  edges  of  the  Q-branches  of  the  discrete  bands  form  a 
Rydberg  series,  a  fact  that  makes  it  possible  tc.  determine  the  ioniza¬ 


tion  potential  of  HgS.  The  excitation  energies  of  the  lower  electron 
states  of  HgS  have  not  been  determined. 

;  SPg*  sfcJC>‘lcture  an<*  the  spectrum  of  the  SFg  molecule  has  not 
been  studied  by  experiment.  The  spectra  of  the  SC12  molecule  [64l, 

3152,  20093  and  its  structure  [5173  were  studied  by  a  series  of  authors. 


The  spectra  and  structures  of  the  molecules  of  S2C12  and  SgBr2  were 
studied  more  than  once.  Results  of  preliminary  studies  of  the  spectrum 


of  SgFg  are  also  at  our  disposal  [6333.  A  comparison  of  the  results  of 
these  studies  as  well  as  investigations  of  the  spectra  and  structures 


of  these  molecules,  such  as  SFg,  SOFg,  SOgFg,  SOClg,  SOgClg  etc. ,  per¬ 
mits  definite  conclusions  as  to  the  structure  and  the  values  of  the 


vibration  frequencies  of  the  SFg  molecule. 

In  the  present  Handbook  It  has  been  assumed  that,  like  the  SC12 
arid  FgO  molecules,  the  SFg  molecule  belongs  to  the  point  group  of 
symmetry  Cgv,  l.e. ,  it  is  a  symmetrical  nonlinear  triatomic  molecule. 
The  length  of  the  S-F  bond  in  the  SFg  molecule  is  assumed  to  equal 

/  o 

that  of  the  radical  SF:  rg_p  (SFg)  «  1.60  +  0.05  A.  The  angle  between 
the  S-F  bonds  in  the  SFg  molecule  must  be  close  to  90°  and  in  any  case 
not  smaller  than  90°.  A  comparison  of  the  valency  angles  between  the 
bonds  in  such  molecules  as  HgO,  HgS,  ClgO,  ClgS,  SOgClg  and  SOgFg, 
makes  It  possible  assume  that  <F-S-F  in  the  SFg  molecule  must  be  smal¬ 
ler  than  100°.  In  connection  with  these  estimations  of  the  possible 
limiting  values  of  the  valency  angle  between  the  S-F  bonds  in  the  SFg 
molecule,  a  value  of  <F-S-F  (SFg)  =  95  ±  5°  was  accepted  in  the  Hand- 


book.  The  accepted  values  of  the  structural  parameters  used  to  calcu¬ 


late  the  products  of  the  principal  moments  of  inertia  of  the  SFg  mole¬ 
cule  are  given  in  Table  83. 

TABLE  83 

Accepted  Values  of  the  Molecular  Constants  of  SFg,  SFj,,  SFg,  SOFp, 

SOgFg 
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1)  Molecule;  2)  cm"1;  3)  (g.cm2)^. 


The  nonlinear  triatomic  SFg  molecule  must  have  three  fundamental 
frequencies:  v^,  the  frequency  of  the  fully  symmetrical  vibration, 
v2,  the  frequency  of  the  deformation  vibration  and  v^,  the  frequency 
of  the  antisymmetric  valence  vibration.  A  comparison  of  the  experimen¬ 
tal  values  of  the  corresponding  frequencies  in  the  molecules  of  SgFg, 
SOFg,  SOgFp  and  SCI,,,  SgClg,  SOClg  and  SOgClg  shows  that  the  frequen¬ 
cies  v1  and  of  the  SFg  molecule  must  be  close  to  800  cm”1  and  the 
frequency  vg  must  then  be  close  to  400  cm”1.  The  data  available  on  the 
frequencies  of  triatomic  molecules  Indicate  that  the  frequencies  v1 
and  of  the  SFg  molecule  must  differ  by  about  50  cm”1.  But  these 
data  do  not  permit  an  unambiguous  solution  of  the  problem  which  of 
these  two  frequencies  is  the  higher  one.  In  the  present  Handbook  we 
assumed  Vj  is  the  greater  than  v^,  Just  as  in  the  case  of  the  FgO 
molecule. 

The  values  of  the  fundamental  frequencies  of  SFg,  chosen  on  the 
the  basis  of  these  considerations,  are  given  in  Table  83.  The  errors 
assumed  for  the  used  values  of  and  do  not  exceed  80  cm”1,  where- 


as  the  error  of  the  value  accepted  for  vg  was  estimated  to  amount 
to  f  50  cm"*1. 

Sify.  Basic  information  on  the  structure  and  the  vibration  fre¬ 
quencies  of  the  molecule  of  sulfur  tetrafluoride  may  be  obtained  from 
the;  paper  of  Dodd,  Woodward  and  Roberts  [1360]  who  studied  the  infra¬ 
red  spectrum  and  the  Raman  spectrum  of  SFj^.* 

Dodd,  Woodward  and  Roberts  [1360]  obtained  the  Raman  spectrum 
of  liquid  sulfur  tetrafluoride  in  the  range  100-1000  cm”1  and  the 
infrared  spectrum  of  the  gas  in  the  range  400-5000  cm”1  using  prism 
spectrometers  of  medium  dispersion.  Measurements  of  the  degree  of  de¬ 
polarization  of  the  Raman  spectrum  lines,  of  the  relative  band  inten¬ 
sities  in  the  infrared  spectrum  and  considerations  on  the  form  of  the 
band  contours  (in  connection  with  the  different  assumptions  a3  to  the 
structure  of  the  SF^  molecule  and  the  selection  rules  corresponding  to 
them)  led  the  authors  of  paper  [1360]  to  the  conclusion  that  the  SF^ 
molecule  pertains  to  the  point  group  of  symmetry  C2v-  This  conclusion 
agrees  with  the  results  of  electron  diffraction  studies  of  the  mole¬ 
cular  structure  of  SeF^  [876]  and  TeCl^  [3862],  the  magnitude  of  the 
dipole  moment  of  the  SF^  molecule  [1359a]  and  with  results  of  analyses 
of  the  nuclear  magnetic  resonance  spectrum  [1190,  2965]  and  of  the 
microwave  spectrum  [1907a]  of  sulfur  tetrafluoride. 

Considering  the  problem  of  the  structure  of  the  SF^  molecule, 

Dodd,  Woodward  and  Roberts  started  from  the  assumption  [1747]  that 

the  electron  configuration  of  the  valence  shell  of  SF^  corresponds  to 

3 

an  spJd  hybridization  of  the  sulfur  atom  and  is  similar  to  the  elec¬ 
tron  configuration  of  the  PF^  molecule  which  also  possesses  ten  val¬ 
ence  electrons.**-  In  contrast  to  the  PFC  molecule  has  an  undivided 
pair  of  electrons,  not  participating  in  the  formation  of  chemical  bonds 
and  occupying  one  ot*  the  three  equatorial  positions,  owing  to  vhic? 


-  620  - 


the  SF^  molecule  must  have  the  structure  of  a  deformed  tetrahedron. 

In  this  case  the  S-F  bonds  in  SF^  must  be  heterodynamic,  in  the 
same  way  as  with  PF^.* 

On  the  basis  of  these  ideas  on  the  structure  of  the  SF^  mole¬ 
cule,  Dodd,  Woodward  and  Roberts  analyzed  the  band  contours  in  the 
infrared  spectrum  of  sulfur  tetrafl-^ride  with  the  help  of  the  method 
of  Badger  and  Zumwalt  [604],  assuming  that  all  S-F  bonds  were  equally 

O 

long,  amounting  to  1.58  A.  This  analysis  permitted,  on  the  other  hand, 
the  determination  of  the  probable  values  of  the  valency  angles  of 
F-S-F  and  their  limiting  values,  compatible  with  the  molecule  sym¬ 
metry  and  the  band  contours  and,  on  the  other  hand,  a  verification 
of  the  correctness  of  the  values  assumed  for  the  S-F  bond  length. 

This  analysis  shows  that  the  SF^  molecule  has  differently  large 
valency  angles  of  F-S-F  lying  opposite  to  the  symmetry  axis  of  the 
molecule.  Dodd,  Woodward  and  Roberts  showed  that  these  angles  (desig¬ 
nated  by  2<p  and  2©)  must  satisfy  the  inequalities  55°  <  <p  <  9  <  125®, 

<p  <  70°,  0  <  90°  and  obtained  a  series  of  possible  values  of  the  ang¬ 
les  9  and  ©,  compatible  with  the  shape  of  the  band  contours.  A  com¬ 
parison  of  these  results  makes  it  possible  to  chose  the  following  val¬ 
ues  of  the  angles  of  F-S-F  in  the  SF^  molecule:**  2q>  =  120  ±  20®,  2 9 
=  140  ±  40°.  Comparing  the  experimental  and  calculated  values  of  the 
*  distances  between  the  peaks  of  the  P  and  R  branches  of  a  series  of 
bands,  Dodd,  Woodward  and  Roberts  convinced  themselves  chat  the  value 
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of  (SF^)  =  I.58  A  they  used  must  be  close  to  the  true  value.  We 
therefore  accept  in  the  present  Handbook  the  value  r^_p  (SF^)  »  I.58 
±  0.06  A. 

The  products  of  the  principal  moments  of  inertia,  calculated  on 
the  basis  of  the  values  of  structural  parameters  of  the  SF^  molecule, 
are  given  In  Table  83.*** 


Owing  to  the  fact  that  the  SF^  molecule  pertains  to  the  C2v  point 
group  of  symmetry,  it  must  have  nine  fundamental  frequencies :  four  fre¬ 
quencies  of  fully  symmetrical  vibrations  of  type  A^  (v^,  vg,  v^,  v^), 
one  vibration  frequency  of  type  Ag  (v^)  and  two  frequencies  of  each  of 
the  types  B^Vg,  v^)  and  Bg(vg,  v^).  All  nine  frequencies  are  active  in 
the; Raman  spectrum.  In  the  infrared  spectrum  all  frequencies  are  ac¬ 
tive,  except  for  v^. 

The  values  of  the  fundamental  frequencies  of  SF^  accepted  in  the 
present  Handbook  are  based  on  the  interpretation  of  the  spectra  of 
sulfur  tetrafluorlde,  suggested  by  Dodd,  Woodward  and  Roberts  [1360] 

(cf.  Table  83).  This  Interpretation  might  obtain  a  further  improvement 
since  even  the  authors  of  paper  [1360]  did  not  give  a  fully  unambiguous 
identification  of  a  series  of  frequencies.  Thus,  for  the  frequency 
paper  [1360]  suggests  two  possible  values:  401  and  645  cm-1.  In  the 
present  Handbook  the  lower  value  was  selected  for  the  frequency 
which  is  immediately  observed  in  the  Raman  spectrum. 

SFg.  On  the  basis  of  electron  diffraction  studies  [907,  961]  and 
spectroscopic  analyses  [1886,  1498,  1451]  it  was  established  that  the 
SFg  molecule  has  the  structure  of  a  regular  octahedron  so  that  it  be¬ 
longs  to  the  point  group  of  symmetry  0^.  The  SFg  molecule  has  six  funda¬ 
mental  frequencies:  one  frequency  of  the  completely  symmetrical  vibra¬ 
tion  of  the  type  Alg  (v^Jj.four  frequencies  of  triply  degenerate  vi¬ 
brations  of  the  type  F  (v^,  v^,  v^,  Vg)  and  one  frequency  of  the  doub¬ 
ly  degenerate  vibration  of  the  type  Eg(v2).  The  frequencies  v^,  and 
Vj.  are  only  active  in  the  Raman  spectrum,  the  frequencies  and 
are  only  active  in  the  infrared  spectrum  while  the  frequency  Vg  does 
not  appear  in  these  spectra.. 

The  results  of  spectroscopic  studies  of  SFg,  published  until  1944, 
are  considered  in  Herzberg’s  monograph  [152]. 
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In  1957  Gullikson,  Nielsen  and  Stair  [1886]  obtained  the  Raman 
spectrum  of  gaseous  sulfur  hexafluoride  by  means  of  a  three  prism 
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spectrograph  with  a  dispersion  of  15  A/mm.  The  values  of  the  frequen¬ 
cies  Vg,  and  Vg*  of  the  SFg  molecule  obtained  in  paper  [1886] 
are  accepted  in  the  present  Handbook  (cf.  Table  83). 

The  infrared  spectrum  of  SFg  was  investigated  by  Eucken  and 
Aherens  [1498],  Lagueman  and  Jones  [2514],  Edelson  and  Me  Afee  [1451] 
and  Gaunt  [1659]* 

Eucken  and  Aherens  [1498]  obtained  the  infrared  spectrum  of  SFg 
in  the  range  from  400  to  2000  cm’"'*'  with  a  prism  spectrometer  of  low 
dispersion.  For  the  frequencies  and  v^,  active  in  the  infrared  spec¬ 
trum,  they  found  values  amounting  to  965  and  617  cm-1.  Tne  frequency 
Vg,  nonactive  in  the  SFg  spectrum,  was  assumed  by  Eucken  and  Aherens 
to  amount  to  363  cm-1,  on  the  basis  of  data  on  the  specific  heat  of 
gaseous  sulfur  hexafluoride. 

In  1951  Lagueman  and  Jones  [2514]  again  studied  the  infrared 
spectrum  of  SFg  in  the  range  from  400  to  5000  cm”1.  The  values  they 
found  for  the  frequencies  and  are  equal  to  940  and  615  cm"*1, 
for  the  frequency  Vg  the  same  value  was  assumed  as  in  paper  [1498].  At 
the  same  time  the  Infrared  spectrum  of  SFg  was  studied  by  Edelson  and 
Me  Afee  [1451]  who  found  that  a  series  of  frequencies,  attributed  by 
Lagueman  and  Jones  to  the  SFg  molecule,  actually  pertain  to  SgF10  and 
they  showed  that  the  value  of  the  frequency  Vg  used  in  paper  [2514]  is 
too  high  by  10-20  cm"*1. 

In  1953  the  infrared  spectrum  of  SFg  was  reexamined  by  Gaunt 
l 1659]  in  the  range  400-5000  cm”1.  In  paper  [16593  the  difficulties 
the  reseax'chers  previously  encountered  in  Investigating  the  infrared 
spectrum  of  SFg  were  considered  and  a  more  satisfactory  and  complete 
interprestation  of  the  spectrum  was  given.  The  values  cf  the  frequen- 


cies  Vg  and  determined  by  Gaunt  are  accepted  in  the  present  Hand¬ 
book  (of.  Table  83).  On  the  basis  of  an  analysis  of  the  composite  fre¬ 
quencies*  Gaunt  ohose  the  value  of  344  cm"1  for  the  frequency  Vg,  which 
,is  virtually  the  same  as  that  calculated  in  paper  [1886]  on  the  basis 
of  the  harmonic  frequency  2vg,  observed  in  the  Raman  spectrum. 

The  length  of  the  S-F  bond  in  the  SFg  molecule  was  determined  by 
Braune  and  Knoke  [907 ]  by  means  of  electron  diffraction  analyses,  who 
obtained  fs-^F— 1.56  +0,02  A,  and  Brockway  and  Pauling  [961]  who  obtained 
r%-r  *=1,5£  ±0,03  A  .  In  the  present  Handbook  we  accept  the  value  of 
i\pji  (SFg)  obtained  by  Braune  and  Knoke  since  the  very  same  value  of 
the  S-F  bond  length  was  obtained  in  electron  diffraction  studies  of  the 
molecules  of  SgF-^  [1971]  and  S2F10°2  f1972].  The  products  of  the 
principal  moments  of  Inertia  of  the  SFg  molecule,  given  in  Table  83, 
were  calculated  in  agreement  with  the  values  accepted  for  the  bond 
length  S-F. 

SOFg.  On  the  basis  of  electron  diffraction  studies  and  spectro¬ 
scopic  analyses  it  was  established  that  the  SOFg  molecule,  like  the 
SOClg  and  SOBrg  molecules,  has  a  pyramidal  structure  and  belongs  to 
the  point  group  of  symmetry  Cg.  The  SOFg  molecule  has  six  fundamental 
frequencies:  four  frequencies  of  the  completely  symmetrical  vibrations 
(vl»  v2,  ify  v4)  and  two  frequencies  of  antisymmetrical  vibrations 
(v,.,  Vg),  which  appear  in  both  the  infrared  spectrum  and  the  Raman  spec¬ 
trum. 

The  Raman  spectrum  of  liquid  sulfur  oxydifluoride  [720,  4358]  the 
Infrared  spectrum  [3134]  and  the  microwave  spectrum  of  gaseous  SOFg 
[1552]  were  investigated. 

The  Infrared  spectrum  of  gaseous  SOFg  was  obtained  by  0 ' Loane 
and  Wilson  [3134]  in  the  range  240-5000  cm**1  by  means  of  a  prism  spec¬ 
trometer.  In  paper  [3134]  the  frequencies  in  the  infrared  spectrum  are 


interpreted  on  the  basis  of  results  of  earlier  studies  of  the  Raman 
spectrum  of  liquid  SOP2  [720,  4358]  and  results  of  studying  the  spec¬ 
tra  of  SOg,  SOgFg,  SOClg,  SOgClg,  SFg  and  PF^.  The  values  of  the 
fundamental  frequencies  of  SOFg  found  by  O'Loane  and  Wilson  are  ac¬ 
cepted  in  the  present  Handbook  and  given  in  Table  83. 

op  16  IQ 

The  pure  rotation  spectrum  in  the  microwave  range  of  SJ  0  Fg 
and  S8^Ol8Fg^  was  studied  by  Ferguson  [1552]  who  determined  the  val¬ 
ues  of  the  rotational  constants  of  these  molecules  as  welll  as  the  di¬ 
pole  moment  and  the  structural  parameters  of  the  SOFg  molecule.  The 
values  of  the  rotational  constants  of  the  molecule  S^o^Fg^  (AQOq  =* 
0.287357,  Bq0Q  =  0.278758,  C000  «  0.165213  cm”1)  obtained  in  paper 
[1552]  are  used  in  the  Handbook  in  order  to  calculate  the  product  of 
the  principal  moments  of  inertia  of  SOFg  whose  values  are  given  in 
Table  83.  The  corresponding  values  of  the  structural  parameters  of 
SOFg  are,  according  to  Ferguson,  the  following:  =  1.412  ±  0.001, 

rS-F  43  1085  1  °-001  <  F“s*‘p  =  92°49#  ±  5#,  <  O-S-F  -  106°49#  ±  5'. 

SOgFg.  The  SOgFg  molecule  pertains  to  the  point  group  of  symmetry 
Cgv  and  has  nine  fundamental  frequencies:  four  frequencies  of  vibra¬ 
tions  of  the  type  A-^  (v^,  Vg,  v^,  v^),  one  frequency  of  torsion  oscil¬ 
lations  of  the  type  Ag  (v^)  and  the  frequencies  Vg,  and  Vg,  of 
vibrations  of  the  types  and  Bg.  All  fundamental  frequencies  of  SOgFg 
are  active  in  the  Raman  spectrum.  In  the  infrared  spectrum  all  frequen¬ 
cies  appear  with  the  exception  of  v^. 

The  infrared  spectrum  of  gaseous  SOgFg  was  investigated  by  Perkins 
and  Wilson  [3222]  in  the  range  539-3000  cm”1  and  Hunt  and  Wilson  [2158a] 
in  the  range  250-4000  cm”1.  The  Raman  spectra  of  liquid  and  gaseous 
SOgFg  were  studied  by  Bender  and  Wood  [720]  The  microwave  spectrum  of 
SOgFg  was  studied  in  papers  [1619,  2611], 

Perkins  and  Wilson  [3222]  were  the  first  who  interpreted  the  in- 


frared  vibration  spectrum  of  SOgPgj  they  determined  the  values  of  all 
the  fundamental  frequencies  except  which  was  estimated  In  paper 
[3222]  to  amount  to  about  300  cm”1.  The  frequency  of  torsion  oscilla¬ 
tions,  v^,  was  estimated  as  equal  to  385  cm”1  on  the  basis  of  the  re¬ 
lationships  between  the  band  at  767  cm”1  and  the  harmonic  2v,_. 

In  the  Raman  spectrum  of  SOgFg  gas  Bender  and  Wood  [720]  ob¬ 
served  3 lx  bands  with  the  centers  at  388,  543,  8 h,7,  883,  1270  and  1502 
—1 

cm  which  were  attributed  to  the  frequencies  v,-  and  v^,  v,  and 
(the  broad  band  with  the  center  at  543  cm”1),  v2,  Vg,  v^,  Vg,  respec¬ 
tively.  In  paper  [2611]  it  was  tried  to  determine  the  frequency 
by  way  of  analyzing  the  rotational  transitions  in  excited  vibrational 
states  of  SOgPg,  observed  in  the  microwave  spectrum.  In  this  paper  a 
value  of  388  ±  15  cm”1  was  suggested  for  the  frequency  v^. 

The  correctness  of  the  frequency  relations  of  the  vibrational 
spectrum  of  S0gF2  suggested  by  Perkins  and  Wilson  [3222]  was  doubted 
by  Stammrelch,  Kowal  and  Tavares  [3838]  in  connection  with  their  in¬ 
vestigations  of  the  Raman  spectrum  of  CrOgClg.  This  induced  Hunt  and 
Wilson  [2158a]  again  to  study  the  infrared  spectrum  of  SOgFg  in  a  wi¬ 
der  temperature  range.  In  the  long-wave  part  of  the  infrared  spectrum 
they  discovered  bands  at  274,  386  and  539  cm”1  not  observed  previous¬ 
ly,  which  were  attributed  to  the  frequencies  v^,  and  v^,  respective¬ 
ly.  In  paper  [3222]  the  frequencies  and  were  falsely  attributed 
to  the  bands  at  539  and  553  cm”1.  According  to  the  reinterpretation  of 
the  infrared  spectrum  of  SOgPg  in  paper  [2158a]  the  band  at  553  cm”1 
corresponds  to  the  frequency  v^.  The  frequency  of  the  torsion  oscil¬ 
lation,  v^,  was  determined  by  Hunt  and  Wilson  as  360  cm”1  by  way  of 
attributing  the  band  at  720  cm”1  to  the  harmonic  frequency  2v^.  The  band 

at  388  cm”1  observed  previously  in  the  Raman  spectrum  [720,  was  falsely 
attributed  to  the  frequency  v^,  whereas  actually  It  corresponds  to  the 
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frequency  v^.  With  only  four  fundamental  frequencies  (v^,  Vg,  Vg,  Vg) 
the  Interpretations  agreed  with  those  given  In  papers  [3222,  2138a]. 

In  the  present  Handbook  the  data  recommended  by  Hunt  and  Wilson 
[2138a]  on  the  basis  of  their  studies  (cf.  Table  83)  are  used  for  the 
the  fundamental  frequencies  of  the  SOgFg  molecule. 

The  structure  of  the  SOgFg  molecule  was  first  determined  by  Steven¬ 
son  and  Russel  [3861]  on  the  basis  of  own  electron-diffraction  studies. 

In  paper  [3861]  the  following  values  were  obtained  for  the  structural 
parameters  of  SOgPg :  rg-0  «  1.43  ±  0.02  A,  <  O-S-O  -  130  ±  10°,  <  F-S-P 
=  100  ±  8°.  Later  on  the  structural  parameters  of  the  SOgPg  molecule  were 
determined  from  the  microwave  spectra  in  the  papers  [1619,  2611].  In  pa¬ 
per  [1619j  for  the  S-0  bond  length  a  value  was  obtained  which  deviates 
considerably  from  that  found  in  electron  diffraction  studies  [3861]  which 
is  attributed  to  the  subsequent,  more  accurate  and  careful  Investigation 
{J  of  the  microwave  spectrum  of  SOgPg  in  paper  [2611].* 

Llde,  Mann  and  Frietrom  [2611]  measured  very  accurately  the  fre¬ 
quencies  of  the  rotational  transitions  in  the  vibrational  ground  states 
of  the  molecules  of  S320gFg  and  S^OgFg  and  S320gFg  and  the  frequencies 
of  the  rotational  transitions  in  excited  vibrational  states  of  the  mole¬ 
cule  S^20gPg.  On  the  basis  of  these  data  in  paper  [26ll]  the  following 
values  were  obtained  for  the  rotational  constants  of  the  vibrational 
ground  state:  S320gPg:  «  0.171260,  =  0.169218,  -  0.168684 

cm“*. 

The  values  of  the  products  of  the  principal  moments  of  inertia  of 
SOgPg  given  in  Table  83  were  calculated  from  the  values  of  the  rotation¬ 
al  constants  determined  in  paper  [2611 j,  taking  into  account  the  occurr¬ 
ence  in  nature  of  the  stable  isotopes  of  sulfur. 

The  values  of  the  rotational  constants  of  S320gPg  and  S3^0gPg 
obtained  in  paper  [2611]  correspond  co  the  following  values  cf  the 


-  627  - 


structural  parameters:  rg «  1.405  +  0.003  A#  rs_F  =  1.530  ±  0.003  A, 
<  O-S-O  «  123°58#  ±12',  <  F-S-F  -  96*7'  ±  10 '. 

§49.  THE  THEMQDYNAMIC  FUNCTIONS  OP  THE  OASES 

The  thermodynamic  functions  of  gaseous  S,  Sg,  SO,  SH,  SP,  SOg, 
SO3,  SgO,  HgS,  SPg,  SP4,  SP6,  SOPg  and  SOgFg  were  calculated  in  the 
temperature  Interval  to  293* 15-6000 °K  without  allowing  for  the  inter- 
molecular  interaction  and  are  given  in  Tables  77-90  of  Vol.  II  of  the 
Handbook.  All  calculations  were  based  upon  the  values  of  the  molecular 
constants  accepted  in  the  foregoing  section.  In  the  calculations  sul¬ 
fur  was  assumed  to  be  in  its  natural  isotope  composition,  but  the  dif¬ 
ferences  in  the  values  of  the  molecular  constants  of  the  isotope  modi¬ 
fications  of  the  molecules  were  not  taken  into  account  since  the  er¬ 
rors  they  cause  in  the  values  of  the  thermodynamic  functions  are  smal¬ 
ler  than  the  errors  due  to  other  causes. 

Por  sulfur  dioxide  and  .sulfur  hexafluoride  Tables  399  and  400 
of  Vol.  II  of  the  Handbook  give  the  values  of  the  virial  coefficients 
and  their  derivatives  which  make  it  possible  to  take  into  account  the 
.  influence  of  intermolecular  interaction  on  the  influence  of  lntermolec- 
ular  interaction  on  the  values  of  the  thermodynamic  functions  of  these 
gases. 

S.  The  thermodynamic  functions  of  monatomic  sulfur,  calculated 
from  Eqs.  (2.22)  and  (2.23)  in  the  temperature  interval  293. 15-6000 °K, 
are  given  in  Table  77  (II)*  The  values  of  the  constants  A4>  and  Ag  were 
assumed  to  amount  to  3*0544  and  8.0223  cal/g-atom*deg,  respectively. 
The  electron  components  were  calculated  by  direct  summation  over  the 
energy  levels  rf  the  S  atom  which  are  given  in  Table  77.  The  errors  of 
the  calculated  values  of  do  not  exceed  0.003  eal/g-atom*deg  and  are 
mainly  due  to  inaccuracies  of  the  values  of  physical  constants  used. 
The  error  of  the  value  of  $gQQo#  which  is  due  to  the  fact  that  levels 
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with  energies  higher  than  50,000  cm  *  were  neglected,  is  equal  to  10 
cal/g-atom*  deg. 

The  thermodynamic  functions  cf  monatomic  sulfur  were  calculated 
fcr  the  first  time  by  Montgomery  and  Kassel  [2940]  ($j,  up  to  5000°K) 
and  Kelly  [2357#  2364]  (C°  up  to  5000°K  and  S^^).  According  to  the 
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values  of  Cp  of  monatomic  sulfur,  calculated  by  Kelley  [23571.  inter¬ 
polation  equations  were  then  derived  and  used  to  calculate  the  values 
of  the  other  thermodynamic  functions  of  S.  In  this  way  tables  of  the 
thermodynamic  functions  of  monatomic  sulfur  were  compiled  in  the  papers 
of  Kelley  [2363]  and  Wunderlich  [4345]#  which  are  used  in  Zeise’s  hand¬ 
book  [4384].  In  Brewer1 s  resum£  [1093]  the  results  of  calculations  of 
Montgomery  and  Kassel  [2940]  and  Kelley  [2357]  are  given. 

In  the  calculations  of  the  thermodynamic  functions  of  monatomic 
sulfur  Montgomery  and  Kassel  [2940]  and  Kelley  [2357]  took  into  account 
only  the  electron  ground  state  3P  of  the  sulfur  atom.  The  neglect ion  of 
the  higher  energy  levels  of  the  sulfur  atom  caused  a  deviation  in  the 
values  of  the  thermodynamic  functions  given  in  the  papers  [2940,  2357, 
2363,  4345,  4384,  10933  and  in  Table  77  (IX)  which  amounts  to  0.01 
and  0.1  cal/g-atom*  deg  in  the  values  of  Q-^qqq  and  ^QOO'  respectively. 

The  thermodynamic  functions  of  monatomic  sulfur  were  also  calcu¬ 
lated  by  Goff  and  Gratch  [1787]  (S°  for  S32  up  to  2778 °K),  Evans  and 
Wagman  [1516]  ($£  and  up  to  5000°K),  Katz  and  Margrave  [2334]  ($£ 

up  to  2000°K)  and  Kolsky,  Gilmer  and  Gilles  [2462]  (<p£  up  to  8000°K). 

In  the  handbook  of  the  US  NBS  [3680]  values  are  given  for  the  thermody¬ 
namic  functions  of  S  which  are  very  close  to  the  values  published  in 
paper  [1516]. 

In  the  papers  [1787#  1516,  2334,  2462]  the  thermodynamic  functions 
of  monatomic  sulfur  were  calculated  taking  account  of  the  excited  elec¬ 
tron  states  of  the  S  atom.  The  slight  deviations  from  the  corresponding 
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values  given  in  Table  77  (IX)  are  due  to  differences  In  the  values  of 
the  physical  constants.* 

The  differences  between  the  values  of  the  thermodynamic  functions 
of  monatomic  sulfur,  given  In  Table  77  (II)  and  those  In  the  correspond¬ 
ing  table  of  the  first  edition  of  the  Handbook  are  also  caused  by  dif¬ 
ferences  In  the  used  values  of  the  physical  constants. 

Sg.  The  thermodynamic  functions  of  diatomic  sulfur,  given  in  Table 
78  (II),  were  calculated  from  Eqs.  (2.1161)  and  (2.162).  The  values  of 
In  2  and  In  2  In  these  equations  were  calculated  by  means  of  the 
Gordon-fiame8  method  (Eqs.  (2.1377 j  (2.138))  without  allowing  for  the 
limitation  of  summation  over  the  rotational  energy  levels.  The  S2  mole¬ 
cule  has  an  electron  ground  state  of  the  type  32“.  The  splitting  of  the 
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rotational  levels  of  S2  In  this  state  were  taken  into  account  accord¬ 
ing  to  Eqs.  (2.147)  and  (2.148).  All  calculations  were  made  with  the 
molecular  constants  given  In  Table  78.** 

The  excited  electron  states  a1A„,  b12l,  A3  A  ,  B32+,  c1^"  and  C3z~ 

g  g  u'  u'  u  u 

of  the  Sg  molecule  were  taken  Into  account  by  means  of  Eqs.  (2.120) 
(2.121),  i.e. ,  under  the  supposition  that  the  statistical  sum  with  res¬ 
pect  to  the  vibration-rotation  levels  of  all  electron  states  has  the 
same  value  as  with  the  electron  ground  state. 

The  quantities  entering  the  formula  used  to  calculate  the  thermo¬ 
dynamic  functions  of  Sg  are  given  in  Table  84. 

The  errors  of  the  calculated  values  of  <J>T  are  equal  to  0.1,  0.1 
and  0.3  cal/faole-deg  at  T  =  300,  3000  and  6000°K,  respectively.  At  low 
temperatures  the  errors  are  mainly  due  to  inaccurate  allowing  for  the 
2  -type  ground  state.  At  high  temperatures  they  are  due  to  inaccura¬ 
cies  of  the  used  values  of  excitation  energies  of  the  electron  states 
and  to  the  fact  that  the  accepted  values  of  the  vibrational  constants 
give  a  bad  description  of  the  energies  of  the  high  vibrational  levels 

1 
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of  the  states  X^S  [the  dissociation  energy  of  Sg  found  by  experiment 
differs  from  that  obtained  by  linear  extrapolation  (cf.  page  6*0)  ] . 

The  thermodynamic  functions  of  a  diatomic  medium  was  previously 
calculated  by  Montgomery  and  Kassel  [2940],  Oodnev  and  Sverdlin  [158] 
and  Evans  and  Wagman  [1516]. 

Montgomery  and  Kassel  [2940]  calculated  the  vales  of  from 250  to 
5000°K  by  means  of  Kassel ‘s  method  [2333] ,  using  the  molecular  constants 
of  S2  found  by  Naud£  and  Christy  [3027,  1105].  The  multiplet  structure 
of  the  state  of  Sg  is  taken  into  account  by  the  term  R  In  3,  the 
excited  electron  states  of  Sg  are  neglected.  The  vibrational  states  of 
Sg,  used  in  the  calculations  of  Montgomery  and  Kassel,  are  close  to 
the  values  accepted  in  the  present  Handbook,  but  for  the  rotational  con¬ 
stant  an  incorrect  value  was  chosen.  The  error  in  determining  the  val¬ 
ue  Be  of  the  Sg  molecule,  obtained  by  Naud£  and  Christy  [3027,  1105] 
was  discovered  by  Badger  [598]  who  found  re(Sg)  »  1.84  A.*  In  connec¬ 
tion  with  this  Cross  [1226]  calculated  the  corrections  to  the  values  of 

4>t,  calculated  by  Montgomery  and  Kassel  [2940].  Later  on  the  values 
* 

of  of  diatomic  sulfur,  based  on  the  calculations  of  Montgomery  and 
Kassel  and  allowing  for  the  corrections  to  them  found  by  Cross,  were 
given  in  the  Handbooks  by  Kelley  [2357],  Ribaud  [3426],  Zelse  [4384] 
and  in  Brewer’s  paper  [1093 ]• 

Godnev  and  Sevrdlin  [158]  calculated  the  thermodynamic  functions  of 
Sg  in  the  temperature  interval  1 00 -5000° K  using  the  same  molecular  con¬ 
stants  as  Montgomery  and  Kassel  [2940].  Unlike  the  latter  authors,  God¬ 
nev  and  Sverdlin,  in  order  to  calculate  the  thermodynamic  functions  of 
Sg,  used  the  method  of  immediate  summation  over  the  vibrational  and 
rotational  energy  levels  applying  the  recurrence  formulas  of  Johnston 
and  Chapman  [2273],  They  took  into  account  the  multiplet  splitting  of 
the  rotational  levels  of  the  X32g  state.  But  the  authors  of  paper  [158] 
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knew  only  the  value  of  the  cc*j c.'.nt  7  «— 0. 1  cm"1  [3027].  They  as- 

•  sumed  that  the  value  of  the  constant  e  was  equal  to  zero.  As  mention- 
/  ed  In  paper  [158],  there  Is  virtually  r.o  difference  between  the  values 

of  the  thermodynamic  functions  of  Sg,  compared  with  the  simpler  con- 

*  sideratiqn  of  the  multiplet  nature  of  the  state  with  the  help  of 
the  term  R  In  3.  Just  as  Montgomery  and  Kassel  [2940],  Qodnev  and  Sverd- 
lih  did  not  take  the  excited  electron  states  of  Sg  into  account.  The 

-/values  of  C®  of  diatomic  sulfur,  calculated  by  Godnev  and  Sverdlin  [158] 
.  are  used  in  Kelley's  handbook  [2357]*  Starting  from  the  results  of 
these  calculations,  Kelley  [2357]  derived  an  interpolation  equation 
f  or  C®  which  was  then  used  by  Brewer  [1093]  and  Wunderlich  [4345]  to 
calculate  the  entropy  of  Sg.  The  values  of  S£,  calculated  by  Wunderlich 
are  given  In  Zelse's  handbook  [4384].  Similar  values  of  S£  for  Sg  may 
be  found  In  Rlbaud's  handbook  [3426]. 

Evans  and  Wagman  [1516]  calculated  the  thermodynamic  functions  of 
S2  up  to  1500°K  from  the  molecular  constants  given  in  Herzberg's  book 
[2020].  The  calculations  were  carried  out  by  means  of  the  method  of 
Mayer  and  Goeppert-Mayer  (see  p.  15SJ  without  taking  Into  account  the 
multiplet  splitting  of  the  rotational  energy  levels  of  the  electron 
ground  state  and  without  considering  the  excited  electron  states  of  Sg. 
The  values  of  the  thermodynamic  functions  of  Sg,  calculated  by  Evans 
and  Wagman  [1516]  are  given  In  the  handbooks  [3680,  119a,  3894].* 

The  thermodynamic  functions  of  Sg  contained  in  the  first  edition 
of  the  Handbook  were  calculated  with  the  same  molecular  constants  of  the 
electron  ground  state  X^2~,  as  are  used  in  the  present  edition.  The 
Gordon-Bames  method  was  applied  in  the  calculations,  the  multiplet 
nature  of  the  J2_  state  was  taken  into  account  approximately  _  through 

o 

the  term  R  In  3«  In  the  calculations  the  excited  electron  state 
was  also  taken  into  account,  whereas  the  electron  states  with  lower 
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excitation  energies,  not  observed  in  the  spectrum  of  Sg,  were  ignored. 

The  deviation  of  the  values  of  the  thermodynamic  functions  of 
Sg,  given  in  the  papers  [2940,  158,  151 6]  and  in  the  handbooks  [2357* 
4384,  3426,  3680,  3894,  420],  from  the  corresponding  values  of  Table 
78  (II)  is  mainly  due  to  the  fact  that  in  the  present  Handbook  we  took 
into  account  the  splitting  of  the  electron  ground  state  3^2“  into  sub- 

o 

states  2nd  also  considered  the  excited  electron  states  of  S2.  Moreover, 
the:  differences  in  the  values  of  the  thermodynamic  functions  are  at¬ 
tributed  to  the  fact  that  in  earlier  calculations  other  values  of  the 
molecular  constants  of  S2  and  of  the  universal  physical  constants  were 
used.  The  values  given  in  Table  78  (II)  agree  best  with  the  values  of 
the  thermodynamic  functions  of  Sg  given  in  the  first  edition  of  the 
Handbook,  in  paper  [1516]  and  in  the  handbooks  [3680,  3894].  The  great¬ 
est  differences  are  to  be  observed  between  the  values  of  the  thermody¬ 
namic  functions  of  Sg  calculated  by  Montgomery  and  Kassel  [2940]  and 
those  obtained  by  Godnev  and  Sverdlin  [158];  this  is  attributed  to  the 
fact  that  these  authors  used  Incorrect  values  of  the  rotational  con¬ 
stants  of  the  S2  molecule  in  their  calculations. 

The  differences  between  the  values  of  the  thermodynamic  functions 
of  Sg,  given  in  the  first  edition  of  the  Handbook  and  those  of  Table 
78  (II)  are  due  to  the  fact  that  we  took  into  account  the  splitting 
of  the  A  states  into  substates  and  the  states  «*A  ,  b^st,  A^A  , 

o  o  w  w 

and  c  in  the  values  of  0. 91*  0.22,  and  0.56  eal/lnole.  deg  at 
T  =  298.15,  3000  and  6000°K,  respectively.  The  values  of  the  thermody¬ 
namic  functions  of  Sg  given  in  the  present  Handbook  and  in  papers  [1516, 
3680,  3894]  differ  by  about  the  same  values. 

SO.  The  thermodynamic  functions  of  sulfur  monoxide,  given  in 
Table  79  (II)  were  calculated  from  Eqs.  (2.161),  (2.162).  The  values 
of  In  2  and  r^Ir.  2  in  these  equations  were  calculated  by  means  of 


the  Gordon-Bames  method  [cf.  Eqs.  (2. 137),  (2.138)]  without  allowing 
for  the  limitation  of  summation  over  the  rotational  energy  levels.  In 
calculating  the  thermodynamic  functions  of  SO  the  mult iplet  nature  of 
|t he  electron  ground  state  was  taken  into  account  by  means  of  the 
term  R  In  3  in  the  values  of  and  Cg,  the  excited  electron  states 
./  were  taken  into  account  under  the  assumption  that  the  statistical  sum 
\ .over  the  vibration-rotation  levels  is  for  ail  electron  states  equal 
to  that  of  the  ground  state  [cf.  Eqs.  (2.120),  (2.121)].  All  calcu¬ 
lations  were  based  on  the  molecular  constants  of  SO  given  in  Table  78) 
The  constants  entering  the  formula  for  calculating  the  thermody¬ 
namic  functions  of  SO  are  given  in  Table  84. 

TABLE  84 

Values  of  the  Constants  Used  in  Calculations  of  the  Thermodynamic  Func¬ 
tions  of  Gaseous  S2,  SO,  SH  and  SF 
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5,9007 

10,8689  f 
14.6336 

(  SF  *  1165 

— 

~ 
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1)  Substance ;  2)  degree;  3)  deg-1;  4)  ca  1/mol  deg. 


* 

The  errors  in  the  values  of  ^  contained  in  Table  79  (II)  are 
estimated  to  amount  to  0.4,  0.05  and  0. 15  cal/inole-deg  at  T  *  300, 

3000  and  6000 °K,  respectively.  At  low  temperatures  (T  <  1000°K)  the 
errors  in  the  thermodynamic  functions  of  SO  are  mainly  due  to  the  fact 

Q  _ 

that  the  splitting  of  the  rotational  le  rels  of  the  2  .  At  high  temp¬ 
eratures  the  errors  are  chiefly  caused  by  inaccuracies  of  the  values 
chosen  for  the  excitation  energies  of  the  electron  states  and  the  fact 
that  the  used  values  of  the  vibrational  constants  give  a  bad  descrip¬ 
tion  of  the  energies  of  the  vibrational  levels  which  are  close  to  the 
dissociation  limit.  This  fact  is  proved  by  the  considerable  divergence 
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between  the  value  of  the  dissociation  limit  of  the  SO  molecule  corres¬ 
ponding  to  the  values  accepted  for  the  vibrational  constants,  and  the 
value  of  the  dissociation  energy  of  SO  (cf.  page  651). 

The  thermodynamic  functions  of  gaseous  sulfur  monoxide  were  pre- 

£ 

vlously  calculated  by  Montgomery  and  Kassel  [2940]  (4>T  up  to  5000°K), 
Kelley  [2357,  2363],  (c£,  Hj  -  H|g8<l6  and  S{  -  S|g8  l6  up  to  5000°K), 
Zeise  [4384]  (S£  up  to  3000°K),  Evans  and  Wagraan  [1516,  3680]  (up  to 
1500°K)  and  the  authors  of  the  first  edition  of  the  present  Handbook. 

All  these  papers  used  values  of  the  molecular  constants  of  SO  found  by 
Martin  [2787]  which  differ  from  those  used  in  the  present  Handbook.  A 
characteristic  feature  of  the  thermodynamic  functions  of  SO,  given  in 
the  present  Handbook,  consists  in  the  fact  that  it  was  the  first  time 
that  they  were  calculated  with  the  excited  electron  states  of  SO  with 
comparatively  low  excitation  energies  taken  into  account,  states  which 
have  not  been  observed  as  yet  in  the  spectra.  The  approximate  considera¬ 
tion  of  the  multiplet  nature  of  the  electron  ground  state  through  the 
term  R  In  3  is  a  common  feature  of  all  calculations  of  thermodynamic 
functions  of  SO.  ^ 

It  must  be  noted  that  in  the  papers  [2940,  2357,  4345,  1516,  420] 
different  methods  were  used  to  calculate  the  thermodynamic  functions  of 
SO  and  different  values  of  the  physical  constants  were  applied.  The 
thermodynamic  functions  of  SO,  given  in  the  first  edition  of  the  Hand¬ 
book,  are  most  similar  as  to  the  method  of  calculation  and  the  used 

values  of  the  physical  constants  to  those  in  the  present  Handbook.  The 

* 

differences  in  the  values  of  4>T  in  the  first  and  in  the  present  editions 
of  the  Handbook  amount  to  0.032,  0.003  and  0.258  cal/mole*deg  at  T  a 
298.15,  3000  and  6000 °K,  respectively.  At  low  temperatures  this  devia¬ 
tion  is  mainly  due  to  the  differences  in  the  used  values  of  the  mol¬ 
ecular  constants,  at  high  temperatures  it  is  due  to  the  fact  that  a 


series  of  excited  electron  states  of  SO  with  comparatively  low  exci¬ 
tation  energies  have  been  taken  into  account  in  the  present  edition 
of  the  Handbook. 

~  SH.  The  thermodynamic  functions  of  hydrosulfite,  given  in  Table 
83  (II)  were  calculated  from  Eqs.  (2. l6l)  and  (2.162)  The  values  of 
In  2  and  :r^-ln2  in  these  equations  were  calculated  by  means  of  the 
^Qordon^Barnes  method  [cf.  Eqs.  (2.  137),  (2.138),  the  values  of  In  ^ 
ahdpT^JiiAii  were  calculated  from  Eqs.  (2.149)  and  (2.150).  In  the 
calculations  the  excited  electron  state  A  2  is  also  taken  into  ac¬ 
count.  The  calculations  were  based  on  the  values  of  the  molecular  con¬ 
stants  of  SH,  given  in  Table  78.  The  values  of  the  constants  in  the 
formulas  used  to  calculate  the  thermodynamic  functions  of  SH  are  given 
in  Table  84. 

The  errors  in  the  values  of  the  thermodynamic  functions  of  SH 
are  due  to  inaccuracies  of  the  molecular  constants,  mainly  to  that  of 
the  value  of  the  constant  o  x  given  in  Table  78,  which  was  estimated 
as  ±  5  cm  .  The  errors  of  the  calculated  values  of  3^  at  T  ^  3000°K 
do  not  exceed  0.02  cal/mole*deg  as  the  error  of  the  value  of  $g000  was 
estimated  as  0.06  csl/mole*deg. 

The  thermodynamic  functions  of  SH  were  previously  calculated  by 
Haar  and  Friedman  [1910]  with  the  help  of  an  electronic  computer. 

The  authors  of  paper  (1910]  derived  formulas  In  order  to  calculate  the 
thermodynamic  functions  of  diatomic  perfect  gases  in  cases  where  the 

p 

electron  ground  states  of  the  molecules  are  of  the  type  H.  The  equa¬ 
tion  given  by  Hill  and  Van-Vleek,  (1.25),  for  the  rotational  energy 
levels,  was  used  In  the  derivation.  The  formulas  used  in  paper  [1910] 
are  equivalent  to  the  formulas  derived  by  Khachkuruzov  and  Brounshteyn 
[445]  (cf.  page  171).  Unlike  the  latter  authors,  Haar  and  Friedman  took 
Into  account  a  series  of  terms  in  the  expressions  for  the  statistical 
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suit,  over  the  rotational  states  which  are  additional  terms  to  the  Eulexv- 
Macloren  formula  and  are  significant  only  at  low  temperatures.  For  SH 
and  T  =  298.15°K  these  terms  are  negligibly  small  so  that  they  were  not 
allowed  for  in  calculating  Table  83  (II).  The  centrifugal  distortion, 
the  anharmonicity  of  vibrations  and  the  vibration-rotation  interaction 
in  SH  were  taken  into  account  in  paper  [1910]  according  to  the  method 
by  Mayer  and  Goeppert-Mayer  [285]  (cf.  page  159),  using  the  molecular 
constants  obtained  by  Ramsay  [3356].  The  values  of  the  thermodynamic 
functions  of  SH  up  to  3000°K  obtained  by  Haar  and  Friedman  [1910]  dif¬ 
fer  from  the  corresponding  values  of  table  83  (II)  by  at  most  0.004 
ca 1/mole -deg  for  and  0.008  cal/mole.deg  for  S£.  With  T  >  3000°K  the 

thermodynamic  functions  of  SH  have,  according  to  Haar  and  Friedman, 
lower  values  than  assumed  in  the  present  Handbook  which  Is  explained 
by  the  minor  accuracy  of  the  method  of  calculation  used  in  paper  [1910]. 

The  differences  in  the  values  of  the  thermodynamic  functions  of 
SH  between  the  present  and  the  first  editions  of  the  Handbook  are  due 
to  the  fact  that  different  values  have  been  used  for  the  molecular 
constants;  with  T  =  298. 15,  3000  and  6000°K  they  amount  to  0. 005,  0.04 
and  0.06  calA°le-deg  with  <f>m  and  C.006,  0.07  and  0.09  cal/inole.deg, 

■x 

respectively,  with  S£. 

SF.  The  thermodynamic  functions  of  sulfur  monofluoride,  given 
in  TaEIe  85  (TI),  are  calculated  from  Eqs.  (2.l6l)  and  (2.162)  in  the 
approximation  of  the  harmonic  oscillator-rigid  rotator  model.  The 
molecular  constants  used  in  the  calculations  are  given  in  Table  78. 

The  values  of  the  constants  in  the  equations  used  to  calculate  the 
thermodynamic  functions  of  SF  are  given  in  Table  84. 

The  errors  of  the  calculated  values  of  amount  to  0.07,  0.5 
and  0.6  cal/mole.deg  at  T  =  298. 15,  3000  and  A6000°K,  respectively, 
and  are  due  to  inaccuracies  In  the  values  chosen  for  the  molecular 

constants  and  disregard  of  the  vibration  anharmonicity  of  SF.  The  dis¬ 
agreement  between  the  thermodynamic  functions  of  SF  calculated  in  the 
First  and  Second  Editions  of  the  Handbook  (from  0.01  to  O.15  cal/mole* 
•deg)  are  due  to  the  fact  that  different  values  of  the  molecular 
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constants  (particularly  of  toe)  were  used  In  the  calculations. 

In  literature  there  are  no  data  on  other  calculations  of  the 


thermodynamic  functions  of  SF. 

SOp.  The  thermodynamic  functions  of  gaseous  sulfur  dioxide  given 
in  Table  80  (II)  were  calculated  according  to  Eqs.  (2.243)  and  (2.244) 
in  the  approximation  of  the  anharmonic  oscillator-rigid  rotator  model, 
with  molecular  constants  given  in  Table  79.  In  the  calculations  of  the 
thermodynamic  functions  the  anharmonicity  of  the  SOg  ,iolecule's  vi¬ 
brations  were  taken  into  account  by  means  of  Gordon’s  method  [cf.  Eqs. 
(2.185),  (2 .  •£<>)].  The  values  of  the  constants  used  in  calculating  the 


thermodynamic  functions  of  SOg  are  given  in  Table  85. 

TABLE  85 

Values  of  the  Constants  Used  to  Calculate  the  Thermo¬ 
dynamic  Functions  of  SOg. 

- rj-S - • - T-* - 5 - -  I - 2 - 

DociMuua  i  3ataicaae  4  ITocToaaaaa  Caaaeaaa  !  nocroaaaaa  3aaseaae  . 


noctoaaaaa 


ii.  xpa3 3  1668.26  '  yu-T.  epad  3  2,949 


ocr,  tpad  3  '  0,42224 


l  6u  tpod 3  j  752,760  yu-T.  tps3  3  19,722  5  j'acT.  tpod  3  0,15241  j 

1  Va.  ;i973,773(  i/a'T,  zpad  3  5,610  a3~C  _  ,  q  0,005974? 

Xt  '  0,003410 2,27002  A9,  Kaj/MOM-ipadk  5,1174  j 

j  xt  j  0,005733  oAT.tpad  3  2,91637  As.«ul*a»-apadb  10,0853  | 

Xt  j  0,003768  j  aaT,  tpod  ^  0,49509  _ j 

1)  Constant;  2)  value;  3)  deg.  4)  cal/mole.deg. 


The  errors  in  the  calculated  values  of  the  thermodynamic  func¬ 
tions  cf  SOg  are  at  298,15°K  mainly  due  to  inaccuracies  in  the  values 
of  the  molecular  constants  used,  to  the  neglect ion  of  the  differences 
in  the  molecular  constant*  of  the  isotope  modifications  of  the  SOg 
molecule*  and  to  the  inaccuracy  of  the  values  used  for  the  physical 
constants.  The  errors  In  the  values  of  the  thermodynamic  functions  of 
SOg  at  3000°K  are  chiefly  caused  by  the  fac  that  the  interaction  be¬ 
tween  vibration  and  rotation  was  not  taken  Into  account  and  at  6000°K 
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they  are  due  to  the  latter  cause  and  to  the  neglect Ion  of  the  limi¬ 
tation  of  summation  over  the  rotational  energy  levels.  The  total  eiv 
rors  in  the  value  of  at  T  =  298. 15,  3 000  and  6000°K  amount  to  0.01, 
0.15  and  0.5  cal/faole.deg,  respectively. 

The  thermodynamic  functions  of  gaseous  sulfur  dioxide  were  first 

‘I 

found  from  Gordon’s  molecular  constants  [l8o4]  (<J>£  from  298.  l6-2800°K) 
and  with  those  given  by  Cross  [1227]  (from  298.1  to  1800°K)  in  the 
approximation  of  the  harmonic  oscillator-rigid  rotator  model.  Gordon's 
calculations  [l804]  were  based  upon  incorrect  values  of  the  moments  of  In¬ 
ertia  of  SOg,  taken  from  paper  [2183].  This  explains  the  deviation  of 
the  values  of  obtained  in  papers  [1804,  1227]  amounting  to  0.4 
cal/mole-deg.  Cross*  calculations  of  the  thermodynamic  functions  of 
SOg  [1227]  were  based  on  values  of  the  moments  of  inertia  from  [1228] 
and  the  fundamental  frequencies  from  [602]  which  were  similar  to  those 
used  in  the  present  Handbook.  The  thermodynamic  functions  of  SOg  cal¬ 
culated  by  Cross  [122? J  are  used  in  the  Handbooks  [2357*  4384,  3426, 
4365*  2312]  and  in  the  review  article  [1093]-  Kelley  [2357]  extended 
Cross’  calculations  [12273  of  the  specific  heat  of  SOg  up  to  3000°K 
and  derived  an  empirical  equation  which  he  used  later  in  rrder  to  cal¬ 
culate  H£  —  H£9q  and  S£  -  S“9q  [23633.  The  values  of  the  thermodynamic 
functions  of  SOg,  given  in  the  Handbook  [1373*  are  close  to  the  cor¬ 
responding  values  in  Cross’  paper  [12273.  The  differences  between  the 
values  of  and  S£  of  sulfur  dioxide  obtained  by  Cross  [1227]  and 
used  in  the  present  Handbook  (up  to  l800°K)  amount  of  0.1  cal/mole-deg 
and  are  chiefly  caused  by  the  application  of  different  values  of  the 
molecular  and  physical  constants. 

The  thermodynamic  functions  of  SOg  were  calculated  with  the  anha£*~ 
monicity  of  vibrations  taken  into  account*  by  Evans  and  Wagraan  [1516] 

(up  to  1500°K),  using  molecular  and  physical  constants  close  to  those 

-  639  - 


accepted  in  the  present  Handbook.  These  authors,  however,  did  not 
know  the  experimental  values  of  the  constant  of  anharmor.icity  of  S02 
determined  in  1953  by  Shelton,  Nielsen  and  Fletcher  [3699].  In  paper 
[1516]  the  constants  of  anharmonicity  of  S02  were  estimated  approxima¬ 
tely  from  the  equation  x^  **  0.003  (v^  +  vj)  where  vi#  denote  the 
fundamental  frequencies  of  S02  while  the  proportionality  factor  was 
calculated  on  the  basis  of  the  corresponding  data  for  SO.  Evans  and 
Wagman  took  the  anharmonicity  of  vibrations  of  S02  into  account  by 
means  of  the  method  of  Mayer  and  Goeppert-Mayer  which  was  extended  by 
Stockmayer,  Kavanagh  and  Mickley  [3871]  to  multiatomic  molecules.  The 
Handbook  of  the  US  NBS  [3680]  gives  for  S02  the  results  of  calcula¬ 
tions  by  Evans  and  Wagman  [1516]  reduced  by  0.02  cal/mole* deg  (with 
<f>T  and  SJ).  The  values  of  and  S£  obtained  for  S02  by  Evans  and  Wag¬ 
man  [1516]  and  those  given  in  the  present  Handbook  differ  by  at  mo?t 
0.01  cal/foole. deg. * 

The  thermodynamic  functions  of  SOg  given  in  the  present  Hand¬ 
book  and  those  of  its  first  edition  are  identical. 

Giauque  and  Stevenson  [1719]  measured  the  specific  heat  of  sulfur 
dioxide  from  15  to  264 °K  and  on  the  basis  of  these  data  the  entropy 
of  gaseous  sulfur  dioxide  was  calculated,  S|^g  ^  =  59.24  ±  0.10  cal/ 
/feole.deg,  a  value  that  was  accepted  In  Kelley’s  handbook  [2363].  The 
value  of  found  by  Giauque  and  Stevensen  agrees  within  the  lim¬ 

its  of  error  of  determination  with  the  value  calculated  in  the  present 
Handbook  from  molecules  constants  of  SOg. 

SgO.  The  thermodynamic  functions  of  sulfur  semioxide,  given  in 
Table  82  (II),  were  calculated  from  Eqs.  (2.243)  and  (2.244)  in  the 
approximation  of  the  harmonic  oscillator-rigid  rotator  model,  using 
the  molecular  constants  given  In  Table  80.  The  values  of  the  constants 
used  in  calculating  the  thermodynamic  functions  of  SgO  are  given  in 
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Table  Qj. 

The  errors  in  the  values  of  the  thermodynamic  functions  of  SgO 
are  chiefly  due  to  neglecting  the  anharmonicity  of  the  vibrations  of 
the  SgO  molecule  and  inaccurate  values  of  the  frequency  v2  of  deforma¬ 
tion  oscillation  given  in  Table  80.  The  total  error  in  the  values  of 
$*,  at  298.15,  3000  and  6000°K  was  estimated  as  amounting  to  0.4,  1.5 
and  2.0  cal/mole*deg,  respectively. 

The  thermodynamic  functions  of  SgO  have  not  been  calculated  pre¬ 
viously. 

SO,,.  The  thermodynamic  functions  of  gaseous  sulfur  trioxide 
given  in  Table  8l  (II),  were  calculated  in  the  approximation  of  the 
harmonic  oscillator-rigid  rotator  model  from  Eqs  (2.243)  and  (2.244) 
with  the  molecular  constants  given  in  Table  80.  The  values  of  the  con¬ 
stants  used  to  calculate  the  thermodynamic  functions  of  SO^  are  given 
in  Table  87. 

The  errors  in  the  values  of  the  thermodynamic  functions  of  SO^ 
are  chiefly  due  to  inaccurate  values  of  the  molecular  constants  and 
neglection  of  the  anharmonicity  of  molecular  vibrations.  The  errors 
due  to  these  causes  were  estimated  for  <f£  at  298. 15,  3000  and  6000®K 
as  0.3,  0.8  and  1.0  cal/faole*d' g,  respectively. 

Earlier  determinations  of  the  thermodynamic  functions  of  gaseous 
sulfur  trioxide  [854,  454]  were  based  on  experimental  data  of  the 
equilibrium  constants  of  the  oxidation  reaction  of  SOg  to  SO^.  Cal¬ 
culations  of  the  thermodynamic  functions  of  gaseous  sulfur  trioxide 
were  carried  out  by  Stevenson,*  Fontana**  (up  to  1500°K)  and  Stock- 
mayer,  Kavanagh  and  MIckley  (3871]  (up  to  1200°K),  using  the  mole¬ 
cular  constants  of  SO^-  Stevensen  and  Fontana  calculated  the  thermody¬ 
namic  functions  of  SO^  in  the  approximation  of  the  harmonic  oscillator- 
rigid  rotator  model,  wheras  Stockmayer,  Kavanagh  and  MIckley  tried  In 
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In  their  calculations  to  consider  approximately  the  anharmonicity  of 
molecular  vibrations.  All  these  calculations  were  based  upon  identi¬ 
cal  values  of  the  structural  parameters  of  the  30^  molecule,  determined 
by  the  electron  diffraction  method  by  Palmer  [3170],  which  are  also 
accepted  in  the  present  Handbook.  Khachkuruzov  [443]  showed  that  in¬ 
correct  values  were  used  for  the  fundamental  frequencies  of  the  SO^ 
molecule  in  the  calculations  of  Stevenson,  Fontana  and  the  authors  of 
paper  [3871 3 . 

The  choice  of  incorrect  values  of  the  fundamental  frequencies  of 
SO^  by  the  authors  of  paper  [3871]  is  partly  compensated  by  the  con¬ 
sideration  of  the  vibrational  anharmonicity.  Using  the  values  suggested 
by  Stevenson  (cf .  page  609)  for  the  fundamental  frequencies  of  the  30^ 
molecule,  the  authors  of  paper  [3871]  determined  the  constants  of  an- 
hannonicity  of  SO^  on  the  basis  of  experimental  values  of  the  equili¬ 
brium  constants  of  the  reaction  (13-1).  The  "constants  of  anharmonicity" 
of  the  SO^  molecule  found  in  this  way  and  the  values  of  the  fundamental 
frequencies  accepted  in  paper  [3871]  were  used  by  Stockmayer,  Kavanagh 
and  Mickley  in  order  to  calculate  the  thermodynamic  functions  of  gas¬ 
eous  sulfur  trloxide  according  to  the  method  by  Mayer  and  Goeppert- 
Mayer. 

Evans  and  Wagman  [1516]  extended  the  calculations  of  the  authors 
of  paper  [3871]  to  1500°K  and  introduced  corrections  for  the  changed 
values  of  the  physical  constants.  At  T  =  298.15,  1000  and  1500°K  the 
differences  in  the  corresponding  values  of  given  in  paper  [1516] 
and  in  Table  8l  (II)  amount  to  0.160,  0.086  and  0. 180  cal/mole-deg, 
respectively,  and  the  values  of  S£  differ  at  the  same  temperatures  by 
0.337,  0.379  and  1.175  cal/faole.deg.  The  differences  in  the  values  of 
0*  at  T  =  298.15,  1000  and  1500°K,  given  in  the  handbooks  [4384,  3426] 
(based  on  Fontana's  calculations),  and  those  of  Table  8l  (II),  amount 


to  0.21,  0.58  and  O.67  cal/mole-deg,  respectively. 

The  thermodynamic  functions  of  gaseous  sulfur  trioxide,  cal¬ 
culated  in  papers  [3871,  15163  are  given  in  many  review  articles 
and  in  the  handbooks  [3508,  3680,  2364,  149,  119a].  In  the  first  edi¬ 
tion  of  the  present  Handbook  sulfur  tricxide  has  not  been  considered. 

HgS.  The  thermodynamic  functions  of  hydrogen  sulfide,  given  in 
Taole  84  (II)  were  calculated,  taking  into  account  the  anharmonicity  of 
vibrations,  the  interaction  between  vibrations  and  rotations  and  the 
centrifugal  distortion  of  the  HgS  molecule.  The  calculations  were  car¬ 
ried  out  according  to  Gordon‘s  method*  [cf.  Bqs.  (2.185),  (2.186)]  on 
the  basis  of  molecular  constants  given  in  Table  82.  The  centrifugal  dis¬ 
tortion  of  the  HgS  molecule  was  taken  into  account  according  to  Eqs. 
(2.222),  (2.223).  The  values  of  the  constants  in  Eqs  (2. 185),  (2.186) 
used  in  the  calculations  of  the  thermodynamic  functions  of  HgS  are  giv¬ 
en  in  Table  86. 


TABLE  86 

Values  of  the  Constants  Used  in  the  Calculations  of 
the  Thermodynamic  Functions  of  HgS 
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1)  Constant j  2)  value;  3)  degree;  4)  cai/mole.deg. 

The  errors  in  the  values  of  the  thermodynamic  functions  of  HgS, 
given  in  Table  84  (II)  for  temperatures  below  2000°K  are  chiefly  caused 
by  inaccuracie  s  of  the  values  used  for  the  molecular  constants,  while 
at  temperatures,  exceeding  2000 °K,  they  are  due  to  the  ft  ~fc  that  the 
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number  of  levels  of  rotational  energy  was  not  limited.  The  total  er¬ 
rors  of  the  values  of  <l£  at  298.15#  3000  and  6000°K  were  estimated 
as  0.02,  0.15  and  0.4  cal/mole*deg. 

The  thermodynamic  functions  of  hydrogene  sulfide  were  calcula¬ 
ted  by  means  of  the  molecular  constants  of  HgS  obtained  by  Cross  [1226] 
(from  212.77  to  1800°L),  Evans  and  Wagman  [1516]  (to  1500°K)  and  Haar, 
Bradley,  and  Friedman  [19093  (from  50  to  5000°K). 

Cross  [1226]  calculated  the  thermodynamic  functions  of  HgS  in 
the  approximation  of  the  harmonic  oscillator  -  rigid  rotator  model  on 
the  basis  of  values  of  the  moments  of  Inertia  he  found  on  analyzing 
the  fine  structure  of  bands  in  the  vibrat ' on-oscillation  spectrum 
[1224,  1225]*  and  approximate  values  of  the  fundamental  frequencies 
(V1  =  *a  2620,  v2  *=  1260  cm-1).  The  values  of  the  thermodynamic  func¬ 
tions  of  H2S,  calculated  by  Cross,  are  given  in  the  handbooks  [2364, 
2363,  4384,  3426,  2312].**  Brewer  [1093)  corrected  the  results  of 
Cross*  calculations  [1226]  for  the  centrifugal  distortion  of  the  HgS 

molecule.  Owing  to  the  approximate  method  of  calculation  and  the  in- 

* 

accuracy  of  the  used  values  of  molecular  constats,  the  values  of  4>T 
and  obtained  by  Cross  for  T  =  298. 15  —  l800°K  are  smaller  than  the 
corresponding  quantities  of  Table  84  (II)  by  0.01-0.3  cal/mole*deg. 

Evans  and  Wagman  [1516]  calculated  the  thermodynamic  functions 
of  HgS  on  the  basis  of  the  vibrational  constats  obtained  by  Allen,  Cross 
and  King  [504].  In  the  calculation  the  vibrational  anharmonicity  was 
taken  into  account  according  to  the  method  of  Mayer  and  Gtoeppert-Mayer. 
The  rotational  components  of  the  thermodynamic  functions  were  calculat¬ 
ed  In  the  approximation  of  the  rigid  rotator  but  allowing  for  centri¬ 
fugal  distortion  of  the  molecule  according  to  Eq.  (2.220).  The  differ¬ 
ences  in  the  values  of  4^  and  from  1000  to  1500°K,  obtained  in  pa¬ 

per  [15163  and  in  the  present  Handbook  amount  to  0.02  cal/mole*deg  and 


are  chiefly  due  to  differences  in  the  values  of  molecular  constants 
used.  The  thermodynamic  functions  of  HgS,  calculated  by  Evans  and 
Wagman  [1516]  are  given  in  the  handbook  of  the  US  NBS  [3680]  and  in 
Vvedenskiy's  book  [119a]. 

Haar,  Bradley  and  Friedman  [1909]  calculated  the  thermodynamic 
function  of  HgS,  HDS,  HTS,  DgS,  DTS  and  TgS  in  the  temperature  inters 
val  of  from  50  to  5000°K  by  a  method,  analogous  to  the  method  of  May¬ 
er  and  Goeppert-Maytr,  taking  into  account  the  centrifugal  distortion 
of  the  molecules  according  to  Eq.  (2.220)  and  the  expression  (2.176a) 
for  the  statistical  sum  over  the  rotational  energy  levels.  The  values 
of  the  molecular  constatns  of  HgS,  used  in  the  calculations  of  Haar, 
Bradley  and  Friedman,  are  close  to  the  values,  accepted  in  the  present 
Handbook.  Owing  the  fact  that  in  paper  [1909]  e  less  accurate  me¬ 
thod  was  used  in  order  to  take  into  account  the  vibrational  anharmoni- 
elty,  the  vibration-rotation  interaction  and  the  centrifugal  distor¬ 
tions  of  the  molecules,  however,  the  values  of  the  thermodynamic  func¬ 
tions  of  HgS  obtained  in  paper  [1909]  and  in  the  present  Handbook, 
diverge  considerably  at  high  temperatures.  Thus,  for  example,  the  dif- 
ference  between  the  values  of  *5000  an5  S50OO  amounts  to  0.2  and  0.6 
cal/mole*deg,  respectively. 

The  thermodynamic  functions  of  hydrogen  sulfide  were  not  calcu¬ 
lated  in  the  first  edition  of  the  Handbook. 

SFg,  SFjj.  The  thermodynamic  functions  of  sulfur  difluoride  and 
sulfur  tetrafluoride,  given  in  Tables  86  (II)  and  87  (II),  were  calcu¬ 
lated  in  the  approximation  of  the  harmonic  oscillator  -  rigid  rotator 
model,  according  to  Eqs.  (2.243),  (2.244),  with  the  molecular  constants 
of  SFg  and  SF^  given  in  Table  83.  The  values  of  the  constants  and 
Cg  as  well  as  the  value  of  ©n,  used  to  calculate  the  thermodynamic 
functions  of  SFg  and  SF^»  are  given  in  Table  87. 
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The  errors  in  the  calculated  values  of  the  thermodynamic  func¬ 
tions,  of  SP2  and  SF ^  are  caused  by  inaccuracies  in  the  used  values 
of  the  constants  of  these  molecules  and  the  fact  that  the  vibrational 

anharmonicity  had  not  been  taken  into  account.  With  SFg  the  total 

* 

errors  in  the  values  of  at  298. 15,  3000  and  6000°K  were  estimated 
as  0.3,  1.5  and  2  cal/faole.deg,  with  SF^  they  amount  to  1,  4  and  5 
cal/faole*deg. 

Previously  the  thermodynamic  functions  of  SFg  and  SF^  were  cal¬ 
culated  when  the  first  edition  of  the  present  Handbook  was  compiled. 

The  values  of  the  thermodynamic  functions  of  SFg  given  in  the  present 
edition  of  the  Handbook  differ  from  those  given  in  the  first  edition 
by  0.1  to  0.4  cal/feole-deg  which  is  due  to  the  fact  that  other  values 
have  been  used  for  the  fundamental  vibrational  frequencies.  The  dif- 

ferrences  in  the  values  of  and  S£  of  sulfur  tetrafluoride, 
given  in  the  first  and  in  the  present  editions  of  the  Handbook,  amount 
to  1  to  3  cal/mole.deg.  These  great  differences  are  mainly  due  to 
changes  in  the  structural  data  of  the  SF^  moleule  as  well  as  in  the 
molecular  constants. 

SFg.  The  thermodynamic  functions  of  gaseous  sulfur  hexafluoride 
given  in  Table  88  of  Vol.  II  of  the  Handbook,  were  calculated  In  the 
approximation  of  the  harmonic  oscillator  -  rigid  rotator  model  from 
Eqs.  (2.243),  (2.244)  and  the  molecular  constants  of  SFg  given  in  Table 
83.  The  values  of  the  constants  used  in  calculating  the  thermodynamic 
functions  of  SFg  are  given  in  Table  87. 

The  errors  in  the  values  of  the  thermodynamic  functions  of  SFg 
are  chiefly  caused  by  inaccuracies  of  the  used  values  of  molecular  con¬ 
stants  and  the  neglection  of  vibrational  anharmonicity.  The  total  er¬ 
rors  in  the  values  of  <&*  at  298. 15,  3000  and  6000°K  were  estimated  as 

T 

0.4,  5  smd  6  cal/mole.d'eg,  respectively. 
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TABLE  87 


Values  of  the  Constants  Used  to  Calculate  the  Thennody- 
namlc  Functions  of  SO^,  SgO,  SFg,  SF^,  SFg,  SOFg,  S0gF2 
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l)  Constant;  2)  degree;  3)  cal/mole.deg. 


The  themodynamic  functions  of  sulfur  hexafluoride  were  previous¬ 
ly  calculated  by  Eucken  and  Bertram  [1499]  (C°  from  273.15  to  573.15°K), 
Kelley  [2363,  2364]  (H£-H|98>  l6,  S|-S“9q  l6  from  298. 16  to  2000°K  and 

S°298. 15)*  Meyer  a™1  Buell  [28 66]  (C"  from  298  to  5000°K)  and  Gaunt 

[1659]  $rp  and  S£  fro-  100  to  500°K).  The  values  of  the  speci¬ 
fic  heat  of  SFg,  calculated  by  Eucken  and  Bertram  [14993  are  given  in 
the  Handbook  [2312],  those  calculated  by  Meyer  and  Buell  [2866]  in 
Zeise's  handbook  [4384],  In  the  paper  by  Eucken  and  Bertram  [1499]  a 
value  of  Sg9g  ^ (SFg,  Sas)  -  69.43  cal/mole.deg  was  obtained  on  the  basis 
of  calorimetrical  measurements,  which  approaches  the  value  of  Sg98 
given  in  the  present  Handbook  much  better  than  those  given  in  other  pa¬ 
pers. 

The  differences  between  the  values  of  the  thermodynamic  functions 
of  SFg,  given  in  the  present  Handbook  and  in  the  papers  mentioned  above, 
are  mainly  due  to  differences  in  the  used  values  of  the  molecular  con¬ 
stants,  especially  in  the  values  taken  for  the  S-F  bond  length  of  the 
3Fg  molecule.  The  slight  differences  between  the  values  of  the  thermo- 
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dynamic  functions  of  sulfur  hexafluoride,  given  in  the  first  and  the 
present  editions  of  the  Handbook  are  due  to  the  fact  that  other  values 
were  used  for  the  fundan ental  frequencies  of  the  SFg  molecule  and  the 
physical  constants. 

SQF2#  SOgFg.  The  thermodynamic  functions  of  gaseous  SOFg  and  SO^Fg, 
given  in  Tables  89  (II)  and  90  (II) ,  were  calculated  in  the  approxi¬ 
mation  of  the  harmonic  oscillator-rigid  rotator  model  with  molecular 

0  0 

constants,  given  in  Table  83.  The  values  of  the  constants  C$,  Cg,  and 
the  quantity  0  used  in  calculating  the  thermodynamic  functions  of  SOFg 
and  SOgFg  are  given  in  Table  87. 

The  errors  in  the  calculated  values  of  the  thermodynamic  functions 
of  SOFg  and  SOgFg  are  mainly  due  to  the  application  of  inaccurate  val¬ 
ues  of  the  molecular  constants  and  the  neglection  of  vibrational  an- 

* 

harmonicity.  For  SOFg  the  total  errors  in  the  values  of  $>T  at  298. 15, 
3000  and  6000°K  were  estimated  as  0.1,  2.0  and  3«0  cal/mole-deg.  and 
for  SOgFg  they  were  0.2,  3-0  and  4.0  cal/mole.deg,  respectively. 

The  thermodynamic  functions  of  SOFg  were  previously  calculated 
in  the  approximation  of  the  harmonic  oscillator-rigid  rotator  model 
by  O'Loan  and  Wilson  [3134]  (from  273. 15  to  1500°K)  on  the  basis  of 
the  same  values  of  the  thermodynamic  constants  as  are  given  In  the  pre- 
sent  Handbook.  None  the  less  the  values  of  and  S£,  obtained 
in  paper  [3134]  differ  from  those  gi^en  in  the  present  Handbook  by 
about  6.83  cal/toole*deg  which  is  attributed  to  an  error  admitted  by 
O'Loan  and  Wilson  in  calculating  the  thermodynamic  functions  of  SOFg. 

Bockhoff,  Petrella  and  Pace  [845a]  calculated  Sg^  jq  (SOgFg,  gas) 

=  62.63  cal/mole.deg  on  the  basis  of  results  of  calorimetrical  measure¬ 
ments,  and  on  the  basis  of  calculations  according  to  the  molecular  con¬ 
stants  they  obtained  a  value  of  63.24  cal/mole.deg  for  this  quantity. 

The  difference  of  0. 61  cal/mole.deg  observed  was  attributed  by  the  au~ 
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thors  of  [845a]  to  the  disordered  structure  of  solid  SOgFg  at  0°K.  It 
must  be  noted  that  Bockhoff,  Petrella  and  Pace  used  in  their  calcula¬ 
tions  incorrect  values  of  the  molecular  constants  of  SOgFg  so  that  a 
value  of  jq  (SOgFg,  gas)  «  64.14  cal,4nole. deg  was  accepted  in  the 
present  Handbook  for  the  molecular  constants.  It  seens  that  in  the  cal¬ 
culations  of  [845a]  incorrect  data  were  used  for  the  structural  para¬ 
meters  of  the  SO^Fg  which  had  been  obtained  in  paper  [16193  (cf.  note 
to  page  627). 

In  the  first  edition  of  the  present  Handbook  SOFg  and  SOgFg  were 
not  considered. 

§50.  THE  THERMODYNAMIC  QUANTITIES 

The  standard  state  of  sulfur  is  S  (cryst.  rhombic). 

In  the  Handbook  the  following  values  are  accepted  for  the  enthal¬ 
py  of  rhombic  sulfur:  H|^  —  H^  =  1025  -  5  eal/g-atom;  H^^  15  ~  Ko  = 

=  1053  ±  5  cal/g-atom;  they  are  based  on  results  of  calorimetrical  meas¬ 
urements  by  Eastman  and  !*c  Gavock  [l44l]. 

S  (gas).  The  value  of  the  heat  of  formation  of  monatomic  sulfur, 
used  in  the  Handbook, 

Lll° }t (S,  ««»)=64,S87±0,3  keal/g-atom 

was  calculated  on  the  basis  of  values  of  the  heat  of  formation  and  the 
energy  of  dissociation  of  SO  (cf.  below). 

Sg  (gas).  Braune,  Peter  and  Neveling  [909]  studied  in  great  detail 
the  equilibrium  in  sulfur  vapor  at  temperatures  not  higher  than  1000°K 
and  obtained  AH0fQ  (3g,  8as)  “  27-3  kcal/mole.  But  this  value  is  inac¬ 
curate  because  of  the  absence  of  reliable  data  on  the  composition  of  the 
sulfur  vapor. 

A  more  reliable  value  of  the  heat  of  formation  of  diatomic  sulfur 
may  be  calculated  on  the  basis  of  results  of  investigating  the  dissocia¬ 
tion  reaction  of  hydrogen  sulfide: 
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A  more  reliable  value  of  the  heat  of  formation  of  diatomic 
sulfur  may  be  calculated  on  the  basis  of  results  of  investigating  the 

dissociation  reaction  of  hydrogen  sulfide: 

2H*S  { «..)  2ft,  (...)  +  S,  ( ...),  ( 13-  2 ) 

since  this  equilibrium  was  studied  «c  temperatures  above  1000 °K  where 
Sg  is  the  chief  component  of  sulfur  vapor.  Evans  and  Wagman  [1516],  on 
the  basis  of  values  of  the  equilibrium  constants  of  the  reaction  (13.2) 
obtained  by  Preuner  [3316],  Preuner  and  Schupp  [3319]  and  Randall  and 
Bichowsky  [3368],  calculated  £H°fQ(S2  gas)  =  30.806  ±  0.D5  kcal/mole. 

A  recalculation  of  the  data  from  [3316,  3319,  3368],  using  the  values 
of  the  thermodynamic  properties  of  the  components  of  reaction  (13.2) 
accepted  in  the  Handbook,  yields  a  value  of 

LsJ'USt, ...  )  =  30,87  +  0,15  kcal/mole 

which  is  accepted  in  the  present  Handbook.  The  v.  lue  of  the  dissocia¬ 
tion  energy  corresponding  to  it  amounts  to 

(Sj)  =  98,504  +  0,6  kcal/mole 

The  quantity  DQ  (Sg)  cannot  be  determined  unambiguously  from 
spectroscopic  data  owing  to  the  difficulties  connected  with  the  inter¬ 
pretation  of  the  Sg  spectrum.  This  problem  was  carefully  studied  by 
Gaydon  [1668]  who  recommended  a  value  of  DQ  (Sg)  =  101  ±  3  kcal/mole 
(4.4  ev).  Later  data  of  SO  and  Sg  verified  the  correctness  of  this 
choice  (Cf.  [918]  and  [1156a]).  The  value  of  Dq  (Sg)  recommended  by 
Ga;  *on  agrees  with  the  value  accepted  in  the  present  Handbook  within 
the  limits  of  error  of  determination  but  is  less  accurate. 

SO  (gas).  Dewing  and  Richardson  [1327 ]  measured  the  equilibrium 
constants  of  the  reactions 

(•••) ?^ SO(«M)  "T  {**')•  (13*3) 

Ss(...)  +  2SO,(«»)^4SO(«-)  (13.4) 

and  used  the  data  obtained  to  calculate  the  heats  of  formation  of  SO 
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from  Sg  and  Og  at  0°K;  they  obtained  -15.4  ±0.3  keal/mole  and  -15.2 
kcal/mole.  Previously  Pierre  and  Chipman  [3245}  calculated  a  rather 
different  value  (-18. 7  kcal/mole)  on  the  basis  of  measurements  of  the 
constant  of  equilibrium  of  the  reaction  (13.4).  But  owing  to  a  series 
of  causes  (see  [3246,  2783]),  the  value  of  the  heat  of  formation  of  SO, 
obtained  by  Pierre  and  Chipman,  is  less  accurate  than  that  found  by 
Dewing  and  Richardson. 

Calculations  of  the  heat  of  formation  of  SO  from  Sg  and  Og,  bas¬ 
ed  on  the  values  of  the  equilibrium  constants  of  reactions  (13.3)  and 
(13.4),  determined  in  paper  [13273*  and  values  of  the  thermodynamic 
properties  of  the  components  of  these  reactions,  accepted  in  the  pre¬ 
sent  Handbook,  virtually  yield  the  sam  •  results  as  were  obtained  in 
paper  [1327].  The  value  of  the  standard  heat  of  formation, 

4770($e,  «••)*=  0,1  ±0,3  kcal/mole 

accepted  in  '  present  Handbook,  corresponds  to  the  heats  of  forma¬ 
tion  of  SO  fi;u  Og  and  Sg  found  by  Dewing  and  Richardson. 

The  dissociation  energy  of  SO  was  determined  by  Martin  [278?]  who 
obtained  119. 5  kcal/faole  (5*053  ev)  on  the  basis  of  own  data  on  the 
predissociation  in  the  C^z  —  X^Z-  band  system  in  the  spectrum  of  the 
SO  molecule.  But  these  values,  given  in  Herzberg's  [2020]  and  Gaydon's 
[1668]  monographs,*  are  incorrect  because  of  errors  in  the  band  numera¬ 
tion  carried  out  in  paper  [2787].  Norrish  and  Oldershaw  [3103 ]  erected 
this  error  and  recalculated  the  molecular  constants  and  the  Sr,  dissocia¬ 
tion  energy,  using  data  from  Martin  l 2787].  The  value  obtained  by  these 
researchers, 

D,(S0)=  123,574  ±0,030  kcal/mole 
is  used  in  the  present  Handbook. 

The  accepted  value  of  DQ  (SO)  agrees  with  that  of  the  long-wave 
limit  of  photochemical  decay  of  S0g  into  SO  and  0,  determined  by  Kora- 
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feld  an^  Weegman  [2464]. 

SOaJgasj.  The  results  of  measuring  the  heat  of  combustion  were 
considered  by  Bichowsky  and  Rossini  [813].  The  main  drawback  of  most 
of  these  papers  is  the  side  reaction  of  SOg  formation. 

Sckman  and  Rossini  [14493,  unlike  the  previous  researchers,,  mea¬ 
sured  the  heat  of  combustion  of  gaseous  so 'fur  in  oxygen.  This  enabled 
him  to  carry  out  the  reaction  under  the  conditions  of  surplus  sulfur, 
where  S02  is  the  only  product  of  combustion.  Eckman  and  Rossini  obtain¬ 
ed  a  value  of  the  heat  of  formation  of  S02  (gas)  equal  to  -70.958  ± 

0. 05  kcal/faole.  Taking  into  account  the  improved  value  of  the  atomic 
weight  of  sulfur  (32.066  instead  of  32. 06),  we  accepted  in  the  Hand¬ 
book  the  following  value: 

4i!rf».u(S0lt  «•■)  =  —  70.S6  0,05  keal/mole 

To  this  value  of  the  heat  of  formation  corresponds 
D0( SO*) «  253,014  ±0,3  kcal/mole 

S03  (gas).  Evans  and  Wagman  [1516],  on  the  basis  of  measurements 
of  the  equilibrium  constants  of  SOg  dissociation  ( 13 . 1 )  carried  out 
by  many  authors,  calculated  the  value  of  the  heat  of  formation  of  SO^ 
(gas)  and  obtained  -94.7  ±0-5  kcal/mole.  In  the  present  Handbook  we 
used  the  measuring  values  of  the  equilibrium  constants  of  S0g  dissocia¬ 
tion  to  calculate  the  thermodynamic  functions  of  SO^  (gas)  (cf.  pages 
609-611,  and  64l)  and  not  to  determine  the  heat  of  formation  of  SO^. 

The  value  of  the  heat  of  formation  of  SO^  may  be  calculated  on 
the  basis  of  the  thermal  effect  ^293  is  =  — 33* 66  ±  0. 06  kcal/mole  of 
the  reaction 

SQ* (■••)  +  *jQ» («••)-*■  SO* (  n<*.  ).  (13  5) 

measured  by  Roth,  Grau  and  Meichsner  [35273. 

On  the  basis  of  the  value  of  the  heat  of  evaporation,  dHv^g 

(s®3,  liqu. )  =  10.22  kcal/nole  [3508]  and  the  used  value  of  the  heat  of 
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formation  of  SOg,  a  value  of 

AJTfm.u  (SO,,  ««)»-  84,4 ± 0,1  kcal/mole 
was  obtained  which  is  accepted  in  the  present  Handbook.  To  it  corres¬ 
ponds 

D0(SCs)  =  334,Vw9±0,3  kcal/mole 

SpO  (gas).  The  heat  of  formation  and  the  dissociation  energy  of 
S20  may  be  calculated  in  an  approximate  way  from  the  limit  of  predis¬ 
sociation,  discovered  by  Jones  [2289],  in  the  ultraviolet  absorption 
spectrum  of  vapor  of  this  compound.  This  limit  was  found  to  be  at  31>- 
702  cm”'L  and  corresponds  to  the  dissociation  of  the  bond  S-SO.  From 
data  given  in  paper  [22893  it  follows  that  the  limit  of  predissocia¬ 
tion  in  the  SgO  spectrum  found  in  it  must  correspond,  within  the  limits 
of  ±  300  cm  ,  to  the  dissociation  energy  of  the  S-SO  bond. *  Starting 
from  these  data  and  the  values  of  the  other  thermodynamic  quantities 
used  in  the  present  Handbook,  the  dissociation  energy  of  SgO  was  cal¬ 
culated  : 

D0  (S,0)=  214  ±  1  kcal/mole 

this  value  is  accept  ?d  in  the  present  Handbook.  The  following  value 
of  the  heat  of  formation  corresponds  to  it: 

A#7,(SA  «••)  =  —  25,639 ±  1,2  kcal/mole 
SH  (gas).  The  dissociation  energy  of  the  radical  SH  was  deter¬ 
mined  in  the  papers  [3301,  3356,  2259b]  on  the  basis  of  investigations 
of  the  A22+-  X2!^  band  system.  The  upper  limit  of  the  possible  values 
of  Dq  (SH)  was  determined  by  Porter  [3301]  and  Ramsay  [3356]  from  the 
predissociation  to  be  observed  in  the  1-0  band;  they  obtained  92-7 
kcal/mole.  The  lower  limit  of  the  possible  values  of  TQ  (SH)  was  de- 
determined  by  Jones  and  Ramsay  [2259b]  on  tht  basis  of  investigating 
the  2-0  band;  they  obtained  70.9  kcal/nole.  In  the  papers  [3301,  3356, 
2259b]  the  dissociation  energy  of  SH  was  also  determined  from  the  value 


p  I  ^ 

of  Dq(SH)  in  the  state  Ai*^  (Dq  (SH)  and  the  excitation  energy  of  the 
A^2+  state  of  SH  (see  Table  78)  under  the  assumption  that  SH  dissocl- 
ates  from  the  A2  state  to  the  H(  S)  +  S(  D)  state.  In  all  these  pa¬ 
pers  the  quantity  D^(SH)  was  determined  by  linear  extrapolation  of 

2  + 

the  vibrational  energy  levels  of  the  A  S  state.  The  most  accurate  val¬ 
ue  of  Dq  (SH)  was  obtained  in  this  way  be  Jones  and  Ramsay  [2259b] .  The 
value  of  D0(SH)  =  28480  ±  1000  cm"1  or 

D0(SK)  =  81,4  ±2,9  kcal/mole 

obtained  in  paper  [2259b]  is  accepted  in  the  present  Handbook.  Similar 
values  of  Dq(SH)  but  with  a  greater  error  were  obtained  by  Porter 
[3301]  (84.9  kcal/nole)  and  Ramsay  [3356]  (82.8  kcal/mole). 

The  heat  of  formation  of  SH,  corresponding  to  the  accepted  val¬ 
ue  Of  Dq, 

A/r/c(SH,  •••)s=34,yl9i;3  kcal/mole 

agrees  with  the  values  obtained  from  the  results  of  mass-spectrometri- 
cal  investigations  of  the  dissociative  ionization  of  alkyl  mercaptan 
molecules  under  the  influence  of  electron  impact  [1599,  3859,  3860] 
(£H°f^g  38.4  ±  5  kcal/mole)  and  a  value  obtained  from  results  of 

studying  the  thermal  dissociation  of  benzyl,  methyl,  and  ethyl  mer¬ 
captan  in  a  toluene  stream  [3675]  (AH°f0  =  32  ±  5  kcal/mole). 

HgS  (gas).  The  heat  of  combustion  of  hydrogen  sulfide  to  S02  (gas) 
and  HgO  (liqu. )  was  first  measured  by  Thomsen  [3981].  ?he  value  of 
AHCggi  -136. 71  kcal/mole  he  found  was  recalculated  by  Bichowsky 
and  Rossini  [813],  taking  into  account  that  sulfuric  acid  forms  in  the 
combustion  products.  A  value  of  /ttT'fggg  (HgS,  gas)  =—5.2  kcal/mole 

corresponds  to  the  corrected  vaxue  of  £Hc0rt,  ,c  =  -134.1  kcal/mole. 

-91*1 5 

Thomsen  [3981]  measured  also  the  thermal  effect  of  the  reaction  be¬ 
tween  hydrogen  sulfide  and  elementary  iodine.  Bichowsky  and  Rossini 
[813],  on  the  basis  of  results  of  these  measurements,  calculated 
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*291.15  (HgS,  S&s)  =  -5.5  kcal/mole.  A  repetition  of  these  calcula¬ 
tions,  taking  the  value  of  ^H°^298.15  gas),  accepted  in  the  Hand¬ 

book,  into  account,  yielded  a  considerably  smaller  value  of  ffi0f0r,Q  -.c 
(HgS,  gas)  =  -4.7  kcal/taole. 

A  repeated  measurement  of  the  heat  of  combustion  of  hydrogen 
sulfide  was  made  by  Zeumer  and  Roth  [4386]  who  considered  thoroughly 
the  formation  of  sulfuric  acid.  A  value  of  ^H°fggg  lg  (HgS,  gas)  * 

*  -4.82  ±  0.15  kcal/fcole  corresponds  to  the  value  of  tffcg^  ig  (HgS, 
gas)  « -134. 49  kcal/foole  they  obtained.  Kapustlnskly  and  Kan‘kovskiy 
[210]  measured  the  heat  of  combustion  of  hydrogen  sulfide  under  condi¬ 
tions  of  lack  of  oxygen  so  to  avoid  side  reactions  of  SO^  and  sulfuric 
acid  formation.  Under  these  conditions  the  products  of  combustion  of 
HgS  were  SOg  (gas),  HgO  (liqu. )  and  sulfur.*  A  value  of  AH°fgg8  ^(HgS, 
gas)  =  -4.92  ±0.1  kcal/mole  corresponds  to  the  values  of  the  heat 
of  combustion,  obtained  in  paper  [210]. 

The  heat  of  formation  of  HgS  may  also  be  determined  on  the  basis 
of  results  of  measuring  the  equilibrium  in  reactions  in  which  this 
gas  is  involved.  Pollitzer's  [3289]  measurements  of  the  value  of  the 
equilibrium  of  a  reaction  between  iodine  and  hydrogen  sulfide  yielded 
a  value  of  AH  ^298.15  (H2S,  gas)  —  8l  ±  0.20  kcal^nole  [1516]. 

The  data  on  the  reaction  equilibrium  of  the  formation  of  HgS  from  the 
elements,  given  in  the  book  by  Lewis  and  Randall  [283]  enabled  Bich- 
owsky  and  Rossini  [813]  to  calculate  AH°fg91  15  (HgS,  gas)  -  -5.0 
kcal/mole. 

Thus,  the  results  of  determining  the  heat  of  formation  of  hydrogen 
sulfiede  are  in  good  agreement  with  one  'mother.  More  accurate  are  the 
values,  based  on  calorimetrical  measurements  by  Zeuner  and  Roth  [4386] 
and  Kapustlnskly  md  Kan’kovskiy  [210].  In  the  Handbook  we  accept  the 
mean  value 
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£/-/7ax,u  «*»)  =  -*  4,87  a^Q.tO  kcal/mole 


to  which  the  following  value  corresponds: 

D0(H,S)  —  172,129  ±  0,32  kcal/mole 

SF  (gas).  The  dissociation  energy  of  the  SP  molecule  has  not 
been  determined  experimentally  but  it  can  be  estimated  on  the  basis 
of  a  comparison  with  the  mean  rupture  energies  of  S-F  bonds  in  the 
molecules  of  SF^  and  SFg  and  comparison  with  the  dissociation  energies 
of  such  molecules  as  C1P  and  CIO.  The  mean  rupture  energy  of  the  S-F 
bonds  in  SF^  and  SFg  is  equal  to  78  kcal/jaole.  This  quantity  may  be 
considered  as  the  upper  limit  of  Dq(SF)  on  the  basis  of  a  comparison 
of  the  mean  bond  energies  of  the  molecules  CH^,  CF^,  CCl^  and  SiF^ 
with  the  dissociation  energies  of  the  corresponding  diatomic  mole¬ 
cules  CH>  f.P,  CC1  and  SiF.  On  the  other  hand,  a  comparison  of  the 
dissociation  energies  of  the  molecules  or  oxides  and  fluorides  of  the 
elements  according  to  the  periods  of  Mendeleyev's  table  permits  the 
assumption  that  Dq(SF)  must  at  least  be  equal  tc  DQ  (C1F)  =  59  kcal/ 
mole. 

It  is  thus  justified  to  assume  that  78  kcal/mole  >  DQ  (SF)  > 

>  S9  kcal/mole.  The  CIO  molecule,  for  which  Dq(CIO)  =  63.34  kcal/ 
mole,  is  most  similar  to  the  SF  molecule.  It  Is  therefore  very  proba¬ 
ble  that  the  dissociation  energies  of  the  isoelectronic  molecules  SF 
and  CIO  have  similar  values. 

On  the  basis  of  the  above  considerations,  we  accept  a  value  of 

Da(S?)-6S±S  kcal/mole 

in  the  Handbook;  the  following  value  corresponds  to  It: 

Lrrit  (SF,  «•• )  *  18,187  ±  5  kcal/faole 

(gas).  The  dissociation  energy  of  the  SFg  molecule  may  approxiT 
mately  be  estimated  as  2Dq(SF)  =  130  kcal/mole.  A  more  satisfactory 
estimate  is  based  on  considering  the  fact  that  the  mean  bond  energy  of 
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X-Y  in  triatomic  molecules  of  the  type  XYg  is,  as  a  rule,  a  little 
higher  than  the  dissociation  energy  of  the  corresponding  diatomic 
molecules  XY.  The  ratio  for  HgS  and  SH  and  for  SOg  and  SO 

is  equal  to  1.03.  If  we  assume  that  this  ratio  amounts  to  1.03  ±  0.02 
for  the  molecules  of  SF2  and  SF,  we  have  EQ(S-F)gF  »  67  i  7  kcal/mole; 
hence  we  find 

D0(SFa)  ~  134  ±  14  kcal/nole. 

A  value  of 


A«70(SF„  ■»•)  =  — 32, 313±14  kcal/mole 
corresponds  to  the  value  of  Dq(SP2)  accepted. 

SF||  (gas).  The  heat  of  formation  of  gaseous  sulfur  tetraflaoride 
were  determined  by  Vaughan  and  Muetterties  [4074a]  on  the  basis  of 
results  of  calorlmetrical  measurements  of  the  reaction  heat  of  SF^ 
hydrogenation: 

•»>«-  — 171,7^:2,5  kcal/nole 

The  value  of  AH°f2gg  ^(SF^,  gas)  determined  in  paper  [4074a]  Is  ac¬ 
cepted  in  the  Handbook.  The  value  of  the  dissociation  energy  corres¬ 
ponding  to  i';  Is  equal  to 

D«  (SFJ  =  308,601  ±  3  kca  1/mole 

SF^  (gas).  The  heat  of  formation  of  sulfur  hexafluoride  was  de¬ 
termined  on  the  basis  of  calorlmetrical  measurements  of  the  heat  of 
combustion  in  fluorine.  Such  measurements  were  made  for  the  first  time 
by  Yost  and  Claussen  [4362]  who  obtained  &J°f2gg  ^  (SFg,  gas)  =  —262 
kcal/mole.  This  value  is  inaccurate  since  the  authors  of  paper  [4362] 
did  not  have  sufficiently  pure  fluorine  at  their  disposal  and  did  not 
take  into  consideration  that  other  sulfur  fluorides  may  also  form. 

Analogous  investigations,  recently  carried  out  by  Gross  [1862a], 


— AT°/s*i.u  (SFj,  «*•)  =  — 2oS,5^0,7  kcal/.aole 
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yielded  the  value 


accepted  in  the  present  Handbook.  Although  no  details  are  given  in  the 
communication  [1862a]  on  Gross'  experimental  studies,  there  is  no 
doubt  that  he  used  sufficiently  pure  fluorine  in  his  experiments.  A 
comparison  of  the  mean  bond  energies  in  SF^  and  SFg  also  shows  that 
many  reasons  speak  in  favor  of  the  value  obtained  by  Gross  [1862a]. 

The  following  value  corresponds  to  the  value  accepted  for  the 
neat  of  formation  of  SFg: 

D&  (SF8)  =  460,862  4;  4  kcal/mole 

S0Fo  (gas).  The  heat  of  formation  of  SOFg  may  be  calculated 
from  the  heats  of  format ion  of  SOClg,  SOgCl^  [3508]  and  (see 

below),  if  we  assume  that  the  energies  of  detachment  of  an  oxygen  mole¬ 
cule  from  molecules  of  SOgClg  and  SOgFg  are  eGual.  A  corresponding 
calculation  yields  the  value 

wf’/us.is (SQr„  «*•)  =  — 182 ±20  kcal/mole 
which  is  accepted  in  the  present  Handbook. 

The  following  value  corresponds  to  the  value  accepted  for  the 
heat  of  formation  of  SOFgi 

Da(SOFa)  =*  321,472  ;£ 20  kcal/mole 

SOqFq  (gas).  The  heat  of  formation  of  gaseous  SOgFg  was  calculat¬ 
ed  by  Reese,  Dibeler  and  Franklin  [3416]  on  the  basis  of  own  measure¬ 
ments  of  the  S02  ionization  potential  and  the  potential  connected  with 
the  appearance  of  S02  ions  in  the  dissociative  ionization  of  SOgFg 
under  electron  impact.  In  accordance  with  the  data  given  in  paper  [3416] 
we  accept  in  the  present  Handbook 

—^/jsmsCS OaFj.  •»«;  =  — 205 kcal/mole 
To  the  value  of  the  heat  of  formation  accepted  corresponds: 

«  422,02^4;  :C  kcal/mole 
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TABLE  88 

Accepted  Values  (in  cal/mole)  of  the  Thermodynamic  Quantities 
of  Various  Sulfur  Compounds 
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Chapter  14 


NITROGEN  AND  ITS  COMPOUNDS 

(N,  N4,  N2,  N4,  N3,  NO,  NO4,  N02,  N20,  NH,  NHg,  NH3,  NpH^ ,  RNO,  NF,  NFp , 

N?3,  FNO,  NS) 

In  the  present  chapter  we  consider  the  thermodynamic  properties  of 
nitrogen  and  its  most  important  compounds  with  oxygen,  hydrogen,  fluor¬ 
ine  and  sulfur.  Compounds  of  nitrogen  with  other  elements  are  dealt 
with  in  Chapters  15  and  21-26. 

In  the  present  handbook  one  may  find  the  most  complete  description 
of  elementary  nitrogen.  The  tables  of  the  thermodynamic  properties  of 

4  4- 

N,  N  ,  N2,  N2  and  N3  contain  all  essential  components  which  may  be 
formed  by  nitroger  at  temperatures  up  to  20,000°K.  Mass-spectrometry 
data  are  available  [2311,  3582,  3583,  **070a]  which  prove  the  existence 
of  an  N^  ion,  but  there  is  no  reason  to  assume  that  tetratomic  nitrogen 
is  stable  at  not  too  high  temperatures. 

Nitrogen  and  oxygen,  apart  from  the  compounds  NO,  N0+,  N02  and  N20 
considered  in  the  present  handbook,  also  form  other  compounds  (e.g., 
N203,  NgOjj  and  NpO^)  which  are  thermodynamically  unstable  even  at  tem¬ 
peratures  on  the  order  of  300-500°K  (cf.  [^75]).  The  same  is  true  for 
the  oxygen  compounds  of  nitrogen  of  the  peroxide  type,  N03  [3651]  and 
N206  [75].  The  compound  N202  also  exists  which  is  only  stable  at  tem¬ 
peratures  close  to  the  boiling  point  of  NO  [1362]. 

Of  the  nitrogen-hydrogen  compounds,  NH,  NH2  NH3  and  NjHjj  are  con¬ 
sidered  in  the  present  handbook.  These  compounds  are  of  low  stability 
even  at  low  temperatures;  another  compound  of  nitrogen  with  hydrogen, 
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HN^,  is  also  known  which  explodes  even  at  common  temperatures,  forming 
N2  and  Hg.  The  molecules  of  NgH,  N2H2,  NgH^,  N^H^,  etc.,  must  also  be 
unstable;  they  were  identified  in  mass-spectrometric  investigations 
of  the  disintegration  of  HN^  and  NgH^  (cf.,  e.g.,  [1577 >  1578])* 

The  system  of  H  +  N  +  0  is  represented  in  the  present  handbook  by 
its  simplest  compound  HNO.  Other  components  of  this  system,  such  as 
HN02,  HNO^,  NH2OH,  NH^OH,  etc.,  in  the  gaseous  state,  are  r^her  un¬ 
stable  (cf.,  e.g.,  [1478,  475])  and  are  not  dealt  with  in  the  present 
handbook. 

Among  the  compounds  of  nitrogen  with  fluorine,  NF,  NF2  and  NF^ 
are  treated  in  our  handbook. 

In  the  past  ye**,  the  existence  of  such  compounds  as  N2B2  [3626, 
3577]  and  N2F^  [1146,  2610a]  has  become  known.  These  compounds  are  not 
considered  in  the  present  handbook  (see  [475]). 

The  compounds  of  nitrogen  with  fluorine  and  oxygen  are  represent¬ 
ed  in  the  handbook  by  the  simplest  compound  FNO.  The  other  members  of 
this  system,  .just  as  in  the  case  of  the  system  of  H  +  N  +  0,  are  un¬ 
stable  in  the  gaseous  state  (cf.  e.g.,  [ 3753]). 

Of  the  sulfur  compou'.Is  of  nitrogen  known  in  literature  the  NS 
molecule  has  been  dealt  with  in  the  present  handbook. 

The  data  given  in  the  present  handbook  are  thus  sufficient  to  per¬ 
mit  sufficiently  accurate  calculations  of  the  thermodynamic  properties 
of  the  systems  nitrogen-hydrogen,  nitrogen-oxygen,  nitrogen-hydrogen- 
oxygen.  As  regards  the  systems  nitrogen-fluorine  and  nitrogen-hydrogen- 
fluorine,  the  data  contained  in  the  present  handbook  seem  to  be  insuf¬ 
ficiently  complete. 

The  extremely  high  value  of  the  dissociation  energy  of  the  nitro¬ 
gen  molecule,  DQ(N2)  *  225  kcal/mole,  results  in  a  low  stability  of 
most  of  the  nitrogen  compounds,  particularly  at  high  temperatures.  The 
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most  important  components  of  the  systems  containing  nit  'ogen  are  there- 

*  X  x 

fore  N2  at  very  high  temperatures,  i,  N  and  Ng.  The  thermodynamic 
properties  of  these  substances  were  calculated  up  to  temperatures  of 
20, 000°K.  The  thermodynamic  properties  of  NC  and  N0+  were  also  calcu¬ 
lated  up  to  20,000°K  since  thece  compounds  are  of  particular  interest 
in  calculations  of  the  electron  and  ion  concentrations  in  gases  at 
high  tempera tures. 

§51'  THE  M0I<ECULA"  CONSTANTS 

ii 

N.  In  the  S  ground  state  the  nitrogen  atom  has  the  electron  con- 

2  2  3  ? 

figuration  Is  2s  2p  which  is  the  same  for  another  two  states.  P  and 

2 

D.  If  one  2p-elec't  on  is  excited,  three  groups  of  states  appear  (cf. 
page  52)  whose  ionization  limits  lie  by  117,3*15,  132,660  and  150,000 

-1  li 

cm  higher  than  the  lower  S^2“level  the  nitrogen  atom.  The  first 
group  consists  of  doublet  and  quartet  terms  with  L  *  1  (if  *.  =  0)  and 
L  =  |t|,  |  £  *l|  (If  *.  >  0)  the  second  one  of  doublet  terms  with  L  -  2 
(if  t»  *  0);  L  =  1,  2,  3  (if  l'  »  1)  and  L  «  t,  t  *  1,  1  *  2  (if  *’  > 

>  2)  and  the  third  gro  consists  of  doublet  terms  with  L  ~  in . 

Besides  the  states  considered,  the  nitrogen  atom  has  a  great  num¬ 
ber  of  terms,  connected  with  the  excitation  of  a  2s-electron  or  the 
simultaneous  excitation  of  two  or  more  electrons,  however,  the  excita¬ 
tion  energies  of  all  these  states,  with  the  exception  of  the  groups 
of  terms  ls^2s2p^(^S)nir'  and  ls^2s2p^(^0)n*1^,  are  high  (higher  than 
200,000  cm-1)  and  not  considered  in  the  present  handbook. 

In  Table  89,  we  find  the  energy  levels  of  the  nitrogen  atom,  cor¬ 
responding  to  the  above  six  electron  configurations,  which  we^e  deter¬ 
mined  on  the  basis  of  values  recommended  b’*  lloore  [29*11].  Levels  with 
similar  values  of  the  excitation  energies  were  united  to  a  single  level 
with  a  tctal  statistical  weight  and  a  mean  value  of  the  excitation  en¬ 
ergy. 

Ir<  Moore's  tables  [29*11]-  we  find  data  on  the  excitation  energies 
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of  individual  levels,  pertaining  to  the  two  groups  of  terms, 

2s22p'?(3p)nt  and  2s22p2(1D)nt' ,  mainly  with  L  <  3.  Owing  to  the  fact 
that  for  the  residual  levels  there  are  no  experimental  data  on  their 
excitation  energies,  the  latter  were  estimated  in  accordance  with  the 
general  rules  stated  in  Chapter  1,  and  on  the  basis  of  certain  laws 
observed  to  govern  the  arrangement  of  the  nitrogen  levels  (cf.  page  55)* 
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Energy  Levels  of  the  Nitrogen  Atom  N 
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f Value  of  p2g  given  for  n  <  11;  with  n.  <  12  pgg  * 

-  19,350;  with  n  <  13,  p2g  ■  24,420. 

•Levels  not  observed  experimentally  are  marked  by 
an  asterisk. 

N  .  In  the  JP  ground  state,  the  positive  nitrogen  ion  has  the 

2  2  2 

electron  configuration  Is  2s  2p  which  is  the  same  for  another  two 
states:  and  1 2 3 4 5 6S.  The  excitation  of  one  2p-electron  is  accompanied 

by  the  appearance  of  one  group  of  states  with  the  electron  configura- 
tion  ls“2s  2p(  P)ni,  whose  ionization  lies  238,846.7  cnTJ  above  the 
lower  level  of  the  group,  the  substate  ^Pq.  The  electron  states  of  this 
group  has  high  excitation  energies  and  is  not  considered  in  the  present 
handbook. 

In  Table  90  the  energy  levels  of  the  positive  nitrogen  ion  are 
given;  the  values  are  used  in  the  subsequent  calculations  and  were 
chosen  on  the  basis  of  quantities  recommended  by  Moore  [2941].* 


TABLE  90 

Energy  Levels  of  the  N+  Ion 


1 

Hfiqi 

fPomm 

2  Cocromt 

Cttnctu- 
mul  mc 

5 

ftwepra*, 

tM~* 

6 

MCKTpMNax  ««■+»- 

WWW  ^ 

wfaul} 

0 

1 *2*2* 

V* 

1 

0,00 

< 

V. 

s 

43.1 

2 

MV 

V, 

s 

131,3 

2 

iAV 

*D 

s 

15315,* 

4 

mn? 

1 

32387 

S 

l*w  . 

s 

47138 

• 

1*2*2#* 

*D 

IS 

32250 

1)  Number  of  level 

2)  State 

3)  Electron  configuration 

4)  Term 

5)  Statistical  weight 

6)  Energy,  cm"* 


-  665  - 


Ng*  The  spectrum  of  molecular  nitrogen  belongs  to  the  most  care¬ 
fully  Investigated  spectra  of  diatomic  molecules.  At  present,  we  know 
about  50  stable  electron  states  of  N,  [3001].  The  scheme  of  these 
states  is  given  in  Pig.  10  and  the  transitions  observed  between  chem 
are  indicated. 

In  the  present  handbook  we  consider  only  such  electron  states  of 
N2  whose  excitation  energies  do  not  exceed  90,000  cm-1. 

The  electron  ground  state  of  Np  is  a  state  of  the  type  1E*.  In 
the  N2  electron  spectrum  the  bands  connected  with  the  ground  state  are 
referred  to  the  well-studied  Lyman-Birge-Hopfield  system  (a^n  —  X^E*), 

o  o 

the  Birge-Hop field  system  (  — X‘2 g  )  and  the  Vegard-Kaplan  system 

(A^E*  —  X^E+)  (cf.  Pig.  10). •  The  rotational  structure  of  the  bands  of 
u  g 

1  1  + 

the  a  11^  —  X  Eg  system  in  the  emission  spectrum  was  analyzed  by  Watson 
and  Koontz  [4184,  4185]  (v"  -  0.1),  Spinks  [3824]  (v"  =  10-14),  Apple- 
yard  [563]  (vn  »  13  and  14),  Wilkinson  and  Houk  [4277]  (v"  *  2-5)  and 
Lofthus  [2637]  (v"  »  10-15).  The  data  obtained  by  Wilkinson  and  Houk 
with  an  apparatus  of  1.33  A/mm  dispersion  in  the  range  of  900-1700  A 
and  Lofthus,  with  a  device  of  0  43  A/mm  dispersion,  in  the  range  of 
1940-2050  A,  were  the  most  accurate  ones.  The  band  edges  in  this  sys¬ 
tem,  corresponding  to  values  of  Vn  =  13-27,  were  measured  by  Herman 
[2000,  2007]  also  in  the  emission  spectrum. •*.  In  the  absorption  spec¬ 
trum  the  bands  of  the  a^H  —  X^E+  system  were  only  observed  with  v"  =  0 

D  S 

Tanaka  [3934],  Wilkinson  [4273])- 

The  system  bflE*  -  X^E*  was  studied  by  Wilkinson  [457]  who  meas- 

w  o 

ured  the  rotational  structure  of  the  bands  of  this  system  with  a  device 
of  the  dispersion  8.4  A/mm  ir.  the  Schuman  range,  these  bands  corres¬ 
ponding  to  the  values  v"  *  13-21,  and  by  Wilkinson  and  Houk  [4277]  who 
found  the  bands  with  v"  =  6-12. 

3  4.  1  + 

The  rotational  structure  of  the  bands  of  the  system  A  E„  —  X  E 

u  g 
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in  the  N2  emission  spectrum  was  investigated  by  Janin  [2211 ,  2212, 

22133  (vM  *  3-10)  and  Wulf  and  Melvin  [4344]  (vM  *  4-6),  and  in  the 
absorption  spectrum  by  Wilkinson  [4276].  R.  Herman  and  L.  Kerman 
[1999,  2001,  2003]  measured  the  band  edges  in  this  system  in  the  emis¬ 
sion  spectrum  (v"  =  2-15). 

The  Raman  spectrum  of  N2  was  one  of  the  first  that  was  investi¬ 
gated  (Rasetti  [3399,  3400]),  Later  on  this  spectrum  was  observed  by 
Miller  [2913],  Oxholm  and  Williams  [3159]  and  Stoicheff  [3873].  The 
data  obtained  in  the  latter  paper  are  the  most  accurate  ones. 

The  vibrational  constants  of  the  electron  ground  state  of  N2,  cal¬ 
culated  by  Herman  [2007]  according  to  the  band  edges  of  the  system 
a^n  —  X1!*  (see  above),  are  recommended  in  the  handbook  [649]  and  in 

o  o 

Herzberg's  monograph  [2020].  The  limit  of  convergence  of  the  vibra¬ 
tional  levels,  corresponding  to  these  constants,  however,  amount  to 
84,286  cm-1  with  vfflax  *  64,  a  value  that  does  not  agree  with  the  disso¬ 
ciation  energy  of  N2  which  is  equal  to  78,717  cm”1  (cf.  page  758).  The 
constants  obtained  in  later  papers  [4277,  2637,  3873]  describe  better 
the  experimental  data  available  but  lead  also  to  an  incorrect  value  of 
the  dissociation  limit.  Considering  this,  new  values  of  the  vibrational 
constants  were  calculated  when  compiling  the  present  handbook,  using  a 
four-te^m  equation  and  a  method,  described  on  page  66  (cf.  [477]).  As 
Initial  data,  we  chose  the  values  of  a^tv+j/2  ^or  v”  ”  measured 

in  the  papers  of  Stoicheff  [3873]  (vn  «  0),  Wilkinson  and  Houk  [4277] 
(vn  *  2-3  from  the  system  a1!!  -  X1*:*  and  v"  *  5-9  from  the  system 

•  00 

b,;4*  -  X1!*),  Wulf  and  Melvin  [4344]  (v"  »  4),  Lofthus  [2637]  (▼"  - 

o  o 

■  10-14),  Chulanovskiy  [457]  (vw  *  15-20)  and  Herman  [2007]  (vB  »  21- 
-25  from  the  b  id  edges).  In  the  calculation  it  was  also  taken  into  ac¬ 
count  that  AO^p+y.38  0 .  Applying  the  method  of  successive  api  *oximations 
we  found  values  of  the  vibrational  constants  of  the  II2  ground  state 


58. 


that  yielded  a  limit  of  convergence  of  78,810  cm-1  with  vmax  = 

These  constants  are  used  in  the  present  handbook  and  given  in  Table  92. 


Pig.  10.  Energy  level  scheme  of  the  N«  molecule.  The  heavy  horizontal 
lines  represent  the  electron  states.  The  finer  lines  correspond  to  the 
vibrational  levels.  The  digits  on  the  left  indicate  the  numbers  of  lev¬ 
els  observed  with  the  given  state.  The  dashed  arrows  indicate  the  dis¬ 
sociation  limits  of  the  electron  states.  These  limits  are  marked  by 
dashed  horizontal  lines.  The  horizontal  arrows  (Pr)  indicate  the  pre- 
dissociation.  The  electron  transitions,  observed  in  the  N2  spectrum, 
are  described  by  full  arrows  where  1) corresponds  to  the  aln  — 

o  o 

band  system  (Lyman-Birge-Hopfield  bands)  2)  to  the  Gaydon  band  system 
with  the  low  a^llg-state,  3)  to  the  Birge-Hop field  band  system  with  the 
low  X1!*  state,  4)  to  the  A^E*  -  X1E^  band  system  (Vegard-Kaplan  bands), 

o  1  —  1  —  U  o 

5)  to  the  x  I  —  af  E__  band  system  (fifth  positive  system)  6  and  7)  to 
the  band  systems  y  n  —  a'  Eu  and  y  Ji  —  w  Au  (Kaplan  bands),  8)  to  the 
B3n  -  aV  band  system  (first  positive  system),  9)  to  the  C^n  —  B^n 
band  system  (second  positive  system),  10)  to  the  E  -  AJZU  band  system, 
11)  to  the  C*  —  B^H  band  system  (Goldstein-Kaplan  bands),  12)  to  the 
DJE  —  BJn_  band  system  (fourth  positive  system),  13)  to  he  Y-3!  — 

T  ^  O  ^ 

—  X  E  band  system  and  l1!)  to  the  a*  E  —  X  E  band  system. 

o  o 
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Table  91  contains  the  values  of  AGy+1//2»  measured  in  experiments 
and  calculated  from  the  vibrational  constants  proposed  by  various  auth¬ 
ors  which  are  also  adopted  in  the  present  handbook  and  compiled  in  Ta¬ 
ble  92.  Comparing  the  data  given  in  Table  91,  we  find  that  the  values 
of  aGv+1/2»  calculated  from  the  constants  used  in  the  present  handbook, 
are  in  satisfactory  agreement  with  the  experimental  data  for  v  _<  25 
(the  mean  deviation  amounts  to  about  2  cm”1)  and  converge  to  a  correct 
dissociation  limit. 


TABLE  91 

Values  of  aGv+1/2  (in  cm-1)  of  the  N2  Molecule 

in  the  X1E+  State 
g 


w' 

i  *““* 

2  Fitoty  to  tOCTOtMliM  1 

i J  mwi®  b 

tafjL  «t 

« 

2329,08  {3873} 

.2330,72 

2329,08 

2329,70 

s 

2187,7  {4277] 

2186,51 

2188,47 

2184.33 

10 

20(1,4  (2837] 

2041,80 

20(1,43 

2041,38 

15 

1882,5  (457) 

1884,45 

1884,53 

1888,43 

20 

1745.7  (457) 

1743,54 

1745,77 

1745,10 

23 

1500  (2007) 

1587,35 

1585,15 

1583,02 

'■» 

78717 

8(288 

88 (72 

78810*  ° 

1)  Experimental  data;  2)  calculated  from  the  con¬ 
stants  . 


a  a0o+y.“*  -  ».«2(»+*)-fO.«3£3(*+*J,-o.ooaoae(H-*),i 

b  A  *?, + y  -  2358,07  -  28,378(.+l) -0,0372(*+t)*;  «^-74. 


The  values  of  the  rotational  constants  of  Ng  in  the  ground  state 
which  are  accepted  in  the  present  handbook  and  given  in  Table  92  were 
calculated  by  Lofthus  [2637]  on  the  basis  of  results  of  own  measure¬ 
ments  of  the  rotational  structure  of  the  bands  of  the  a^n  —  X1!*  sys- 

g  g 

tern  (see  above)  and  using  the  value  of  Bq  *  1.9897  +  0.0003  cm”1,  ob- 
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tained  by  Stoicheff  [3873]  from  the  Raman  spectrum.  These  values  of 
the  rotational  constants  agree  satisfactorily  with  all  experimental 
data  on  the  rotational  structure  of  the  N2  bands,  except  the  data  of 
Watson  and  Koontz  [4184,  JJI85]  which,  according  to  Wilkinson  and  Houk 
[4277],  are  inaccurate. 

■3  + 

The  first  excited  state  AJZU  of  the  N2  molecule  is  the  highest 

state  of  the  Vegard-Kaplan  band  system,  observed  only  if  v’  <  5  [1999, 

2001]  and  the  lowest  scate  of  the  first  positive  system  of  bands 

(B^n  —  A^E+  investigated  more  completely  [3287,  3023,  1062,  3598, 

8  U 

1066,  2007,  1994,  2006a,  4203a](cf.  Fig.  10).  The  most  careful  inves¬ 
tigation  of  the  first  positive  system  was  carried  out  by  Carroll  [1062] 
and  Carroll  and  Sayers  [3598,  1066].  In  paper  [1062]  the  rotational 
structure  of  the  bands  1-0,  2-1  and  3-2  of  this  system  was  investigated 
with  a  device  of  high  dispersion  and  the  rotational  constants  of  N2 
were  calculated  for  both  states.  The  vibrational  constants  were  found 
as  a  result  cf  studying  a  great  number  of  other  Dands  of  the  system, 
obtained  with  a  device  whose  dispersion  was  much  lower  [3598,  1066]. 

In  Table  92,  we  find  the  values  of  the  molecular  constants  of  N2  in  the 
AJZU  state,  calculated  in  papers  [1062,  3598,  1066].  An  extrapolation 

3  + 

of  the  vibrational  levels  of  the  AJZU  state,  calculated  from  these  con¬ 
stants,  leads  to  a  limit  of  80,500  cm"*  with  vmax  =37,  whereas  the 

O  •  ^ 1 

A  Eu  state  has  a  dissociation  limit  of  78,717  cm  ,  in  common  with  the 

ground  state.  In  order  to  eliminate  this  disagreement,  in  paper  T477] 

the  term  —0,855 •lO'V ,  calculated  by  a  method  described  on  page  69,  was 

added  to  the  four-term  equation,  obtained  by  Carroll  and  Sayers  [1066]. 

The  molecular  constants  of  N0  in  the  BJn  state  may  also  be  found 

2  g 

in  studying  the  bands  of  the  second  (C^II  —  B^n  )  [1005,  1006,  1037, 

**  o 

2213,  1066]  and  the  fourth  (D^E*  —  B^n  )  [1699]  positive  systems  (cf . 

u  o 

Fig.  10).  The  constants  calculated  by  Carroll  [1062]  and  Carroll  and 
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TABLE  92 


a  ••  iUHttr*.  C  */-« 2.3. 

b  ■«  « — *.tu.  f  »ee  page  671 

c  •  ...P»«.«7o  g  * i Estimate- 

d  r  h  * cjt*. 


Sayers  [3598,  1O66]  for  this  state,  on  the  basis  of  an  analysis  of  the 

bands  of  the  first  positive  system,  are,  however,  most  reliable  and  are 

among  the  accepted  valu'’*5  given  in  Table  92.  The  vibrational  levels  of 
■a 

the  B-'n  state,  calculated  from  these  constants,  converge  to  the  limit 

O 

101,975  cm-1  with  v  =  43,  whereas,  according  to  the  correlations 

luaX 

o 

adopted  in  our  handbook,  the  dissociation  limit  of  the  BJng  state  must 
be  equal  to  98,070  cm-1.  In  view  of  this,  in  paper  [477],  the  term 

O 

B-'n  ,  calculated  by  means  of  a  method  described  on  page  69  ,  was  added 
6 

to  the  four-term  equation  of  Carroll  and  Sayers  [1066]  for  the  energy  of 

the  vibrational  levels  of  the  6.917*10“1^*v10  state, 

q  _ 

The  state  Jzu  was  Identified  in  the  Ng  spectrum  by  Ogawa  and  Ta¬ 
naka  [3116]  (in  the  emission  spectrum)  and  by  Wilkinson  [4276a]  (in 
the  absorption  spectrum)  who  observed  for  the  first  time  tne  bands  of 


3  -  1  + 

the  forbidden  system  YE  —  X  £  in  the  ultraviolet  range.  Moreover, 

Carroll  and  Rubalkava  [1065]  attributed  the  band  at  8265*5  A  in  the 

3  _  3  3 

N2  spectrum  to  the  system  Y  Eu  —  BJng  instead  of  to  the  system  - 

—  B^n  as  this  was  suggested  by  Le  Blanc,  Tanaka  and  Jursa  [2577] 

o 

(cf.  also  [1340a]).  On  the  basis  of  an  analysis  of  the  rotational 
structure  of  four  bands  of  the  system  Y3£~  -  X  £  ,  Wilkinson  [4276a] 

w  o 

3  _ 

calculated  the  molecular  constants  of  N2  in  the  YE  state,  which  are 
accepted  in  the  present  handbook  and  given  in  Table  92.  Less  accurate 
values  of  the  constants  (TqQ  *  65850.4,  =  1515.7  and  wexe  *  11.0  cm-1) 

were  obtained  by  Ogawa  and  Tanaka  [3116]  from  the  band  edges. 

A  few  years  ago,  only  transitions  connected  with  the  states  x1E~ 
(fifth  positive  system)  and  y (Kaplan  bands)  [2638,  2639]  (cf.  Pig. 

O 

10)  were  known  for  the  states  a'  Eu  and  of  the  N2  molecule.  Since 

transitions  from  these  states  to  the  ground  state  were  unknown,  it  was 
impossible  to  accurately  determine  their  excitation  energies.  In  1959 > 
Wilkinson  [4276,  4275]  and  Ogawa  and  Tanaka  [3115]  discovered  a  new 
band  system  of  N2  in  the  vacuum  ultraviolet  which  was  attributed  to  the 
forbidden  transition  a'^z”  —  X1!*.  As  a  result  of  studying  the  fine 

w  o 

structure  of  the  bands  of  this  system  which  was  photographed  in  high 
resolution,  Wilkinson  and  Mulliken  [4280]  (cf.  also  Ogawa  and  Tanaka 
[3116])  obtained  Too^a,lj:u^  =  67738.18  cm-1  which  resulted  in  TqqCw1/^^ 
71697.68  cm-^.  These  values  of  the  excitation  energies  are  accepted  in 
the  present  handbook  and  are  given  in  Table  92,  together  with  the  vi¬ 
brational  and  rotational  constants  determined  by  Lofthus  [2638]  for  the 
a'1!*  state  and  Lofthus  and  Mulliken  [2639]  for  the  w1^  state. 

The  state  a^JI^  of  the  N2  molecule  is  well  investigated  as  a  resi it 
of  investigating  the  bands  of  the  Lyman-Birge-Hopfiela  system  (cf.  page 
666).  In  the  present  handbook  the  molecular  constants  of  N2  in  this 
state  were  chosen  from  data  obtained  by  Lofthus  [2637]. 
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The  existence  of  a  state  of  the  type  ^E*,  correlated  with  the 

4  4 

ground  state  of  the  nitrogen  atom,  (  S  +  S),  was  predicted  by  Gaydon 

[l4l]  in  order  to  explain  the  predissociation  of  the  N2  molecule  into 

the  states  a1!!,.  and  B^n  .  Herzfeld  and  Broida  [2054],  in  the  visible 
g  g 

range  of  the  absorption  spectrum  of  solid  nitrogen,  observed  bands 
(without  fine  structure)  which  they  related  to  the  transition  T.  — 

—  A^z*  of  the  N2  molecule.  Oldenberg  [3126],  who  obtained  analogous 
bands  in  the  emission  spectrum  of  a  gas  discharge,  came  to  the  conclu¬ 
sion  that  these  bands  were  identical  with  the  bands  of  the  Goldstein- 
Kaplan  system  (1936,  1661,  1662 i  which  had  previous  . y  been  attributed  [1936] 
to  the  C*  —  system  of  the  N2  molecule.  But  later  on,  on  the  basis 

of  investigations  of  the  isotope  effect  in  emission  spectra,  obtained 
in  Ar  or  N2  matrices  containing  traces  of  02,  Broida  and  Peron  [976a] 
showed  that  the  bands  in  the  visible  range  which  previously  [2054, 

3126]  had  been  attributed  to  the  system  •'£  -  P.  E  of  the  N2  molecule, 

in  truth  belong  to  the  transition  AJEu  -  x  of  the  °2  molecule.  As 
5  + 

regards  the  ■'i  state  of  the  N2  molecule,  we  therefore  have  a  single 

reliable  quantity  at  our  disposal,  namely  the  dissociation  energy  of 

this  state,  Dg  s  850  cm-1,  determined  by  Bayes  and  Kristiakowsky  [696a] 

on  the  basis  of  results  of  measuring  the  relative  population  of  the 
•3  _ 

states  Bn  and  YE  in  the  afterglow  spectrum  of  active  nitrogen.  A 

o  ^ 

value  of  T  (-*E*)  5  79,000  cm-1  corresponds  to  this  value  of  D  ;  it  has 
©  g  © 

been  accepted  in  the  present  handbook 

The  values  of  the  molecular  constants  of  N2  in  the  state 

were  taken  according  to  the  recommendation  ox'  Hertzberg  [2020].  The 
handbook  [649]  gives  the  same  values  of  the  constants  .. '  this  state. 

In  addition  to  the  states  considered  above,  according  to  Mulliken 

[3001],  the  N2  molecule  must  possess  another  stable  state  with  an  ex- 

-1  3 

citation  energy  below  90,000  cm  which  is  attributed  to  the  type  JAU. 


In  3pite  of  many  attests  (cf.,  e.g.,  [?4?  ,  696,  1994],  etc.),  bands 
connected  with  this  state  have  as  yet  not  'sen  observed  in  the  N2  spec¬ 
trum.  In  Table  92  we  find  the  values  of  the  molecular  constants  of  N2 
in  the  ^Au  state  as  recommended  by  Mu3 liken  [3001]  on  the  basis  of  own 
estimates . 

4  4  2  4 

Ng-  The  ground  state  of  the  N2  molecule  is  a  E^-type  state  with 

which  the  following  three  well-studied  band  systems  are  connected: 

A2Hu  —  B2E*  —  X2E*  811,1  c2£u  “  X2!*-  Moreover»  the  band  system 

—  A2Su  was  observed  in  the  N2  spectrum  [2214,  2215]. 

The  system  of  the  bands  B  Eu  —  X  2^  (the  first  negative  system  of 
nitrogen)  was  Investigated  by  Herzberg  [2013],  Coster  and  Brons  [1187], 
Childs  [1097],  Parker  [3185,  3186],  Crawford  and  Tsai  [1218]  and  Doug¬ 
las  [1369].  The  latter  author  photographed  the  bands  corresponding  to 
transitions  between  high  vibrational  levels  of  both  states  (up  io  the 
bands  29-21)  In  high  resolution  ar-d,  on  the  basis  of  a  common  analysis 
of  the  data  obtained  and  the  results  of  studies  of  other  authors  [1187, 
3185,  3186,  1218],  he  suggested  the  following  equation  for  the  energy 
of  the  vibrational  levels  of  the  molecules  in  the  ground  state: 

HSUJQs— 18.190*  —  0.0303c*  —  0. 00092o*.  (XXV.l) 

Equation  (XIV. 1)  describes  with  high  accuracy  the  energy  of  the 

vibrational  levels  with  v"  <  21,  obtained  as  a  result  of  analyzing  the 

2  4  2+  224 

band  system  B  eu  —  X  Eg,  as  well  as  the  systems  AH u  -  X  Eg  and 

2  4  2  4 

C  E  —  X  E  .  In  the  case  of  high  values  of  v,  however,  this  equation 

A*  o 

obviously  yields  a  bad  approximation  of  the  energy  of  the  vibrational 
levels  of  N2  since  according  to  it,  the  levels  converge  to  59,630  ci  \ 
whereas  the  N2  dissociation  energy  Is  equal  to  70,396  +  30  cm-1  (cf. 
page  758).  Owing  to  the  fact  that  it  proved  impossible  to  choose  a  sin¬ 
gle  equation  that  could  satisfactorily  approximate  the  energy  of  all 
vibrational  levels  of  the  ground  state  of  the  N*  molecule  up  to  the 
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dissociation  limit,  the  authors  of  the  handbook  (cf.  [4783)  derived 
the  equation 

4,  (o)  — aojottsi*  +  o,035137p*.  (xiy  .  2) 

for  the  energies  of  levels  with  v"  >  21,  which  converges  to  the  limit 
of  70,396  cm-1  with  v„_  »  68.  The  coefficients  of  Eq.  (XIV. 2)  were 
obtained  (cf.  page  69)  on  the  basis  of  the  values  of  GQ(20)  »  36, 951* - ^ 
and  Gq(21)  *  38,411.7  found  in  paper  [13693  and  the  condition  of  con¬ 
vergence  of  the  vibrational  levels  to  the  dissociation  limit  (Eqs. 
(1.14a)  and  (1.14b)). 

In  the  present  handbook,  the  energy  of  the  vibrational  levels 
of  the  ground  state  of  N2  with  v"  <  21  was  calculated  from  the  values 
of  the  vibrational  constants,  suggested  by  Douglas  [13693  (cf.  Table 
94)  and  the  energy  of  the  vibrational  levels  with  v"  >  21  were  cal¬ 
culated  with  the  help  of  Eq.  (XIV.2). 

The  values  of  the  rotational  constants  (Be,  and  <*2)  of  the 
ground  state  of  the  N2  molecule  given  in  Table  94  were  obtained  by 
Wilkinson  [42713  as  the  result  of  an  analysis  of  the  fine  structure 
of  the  bands  3-6,  3-8,  3-9,  3-10,  4-10  and  4-11  of  the  system  C2I*  — 

—  X2I*.  With  these  constants  the  equation  yields  the  values  of  By  with 
an  accuracy  of  up  to  +0.002  cm-1,  for  v  _<  21,  obtained  by  various 
authors.  The  values  of  the  constants  of  centrifugal  distortion  in  the 

state  X2£*,  given  in  Table  94,  were  found  by  Childs  [10973  when  study- 
5 

2  4*  p  + 

ing  the  bards  0-0  and  0-1  of  the  system  B  £u  -  X  £  .  These  constants 

are  in  good  agreement  with  the  results  of  the  subsequent  papers  by 

Parker  [31853  and  Wilkinson  [42713. 

2  + 

The  existence  of  an  A  nu  state  of  the  N2  ior  had  ben  predicted 

2  4 

by  Brons  [9773  on  the  basis  of  studying  the  perturbations  in  the  C  £u 

2  2  4* 

state.  The  bands  related  to  the  system  A  —  X  £„  were  first  observed 

u  g 

by  Meinel  [2843,  28423  in  the  dawn  spectrum,  then  by  Dalby  and  Douglas 
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£1254]  uivler  laboratory  conditions.  Douglas  U370]  analyzed  the  rota¬ 
tional  structure  of  the  bands  2-0,  3-1, 4-2  (and  partly  1-0)  of  the 
system  A2hu  —  X2!^  photographed  in  first  order  with  a  6-meter  concave 
grating,  with  a  dispersion  of  2.5  A/mm  in  the  range  of  6890-9500  A,  and 
calculated  the  values  of  the  rotational  and  vibrational  constants  and 
also  the  constant  of  doublet  splitting  of  the  A2nu  state.  Janin  and 
d* Incan  £2214,  2215]  investigated  the  bands  of  the  system  —  A2nu, 
connected  with  the  vibrational  levels  of  v"  *  2-8  of  the  A2nu  state 
and  achieved  some  improvement  of  the  values  of  the  vibrational  con¬ 
stants.*  The  dissociation  energy  of  the  A2nu  state,  calculated  on  the 
basis  of  these  constants,  i3  equal  to  59,430  cm”1.  The  true  value  of 
this  quantity,  under  the  assumption  that  the  states  A2B  and  X2e+ 

x  u  8 

of  the  Hg  molecule  have  a  common  dissociation  limit,  amounts  to  61,370  + 

+  40  cm  1.  To  improve  the  description  of  the  vibrational  energy  levels 

2 

of  the  A  Uu  state  which  are  close  to  the  dissociation  limit,  a  value  of 
weze  *  ~  °* 30011  cm  1  £478]  was  added,  when  preparing  the  present  hand¬ 
book,  to  the  vibrational  constants  found  in  paper  £2214],  using  a  meth¬ 
od  described  on  page  69.  The  convergence  of  the  vibrational  levels  to 
the  true  value  of  DQ(Np,  A2H  )  was  then  achieved  with  v  *  67. 

Table  94  contains  the  values  of  the  vibrational  constants  of  Nt 

2  c 
in  the  A  Hu  state,  obtained  by  Janin  and  d* Incan  £2214]  and  improved  In 

paper  £4?8],  and  the  values  of  the  rotational  constants,  found  by 

Douglas  £1370]. 

The  molecular  constants  of  in  the  state  B2!*  were  determined 
in  a  series  of  papers  (Herzberg  £2013],  Coster  and  Brons  [11?? J,  Childs 
[1097])  or.  the  basis  of  results  of  investigating  the  bands  of  the  s*s- 
tem  B  Eu  -  X  lg,  corresponding  to  v'  _<  13.  Douglas  [1369],  investigat¬ 
ing  the  same  system,  obtained  bands  corresponding  to  transitions  to 
higher  vibrational  levels  of  the  22E*  statr ,  up  to  v»  *  29.  The  data 
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obtained  by  Douglas  prove  the  anomaly  of  the  v-dependence  of  the  vi¬ 
brational  levels  of  the  B2E*  state  (as  this  was  suggested  by  Gaydon 
[1668]).  Douglas  explained  this  effect  by  the  strong  interaction  be¬ 
tween  the  states  B2E*  and  C2E*.  which  results  in  a  mutual  repulsion 
of  the  potential  curves  of  both  states  and  a  distortion  of  the  shape  of 


TABLE  93 

The  Values  (in  cm”1)  of  Gq(v)  and  By  of  the 
Molecule  in  the  E2E*  State 


.  • 

G.M 

B. 

C,(r) 

B. 

• 

• 

2.073 

22 

36308.2  . 

1,063 

t 

2371,5 

2.04- 

27 

32070.7 

1.002 

2 

4600.3 

2,025 

28 

37808.3 

1,003 

3 

0230,7 

2.002 

20 

38215.7 

0.077 

4 

0147,1 

1.028 

30 

38707.7 

0.048 

S 

11201,0 

1.022 

31 

38352,7 

0,020 

13310.0 

1.228 

32 

-  32870,7 

0.821 

7 

l"  ; 

1,852 

33 

40370.7 

0.863  ■ 

• 

i 

1,210 

34 

40653.7 

0.234 

• 

,i 

1,783 

35 

41200,7 

0.804 

10 

2003.8 

1,710 

38 

41710.7 

0.772 

It 

21003,7- 

1,253 

37 

42112.7 

0.732 

12 

23275,1 

1.525 

38 

42471.7 

0.702 

13 

24551.4 

1.545 

32 

42817.7 

0.218 

14 

25747,7 

1,404 

40 

43120,7 

0.634 

IS 

2074,3 

1,452 

41 

43414.? 

0.507 

— 14 

-  27041.4 

■  1,404 

•  42 

43072.7 

0.561 

17  • 

20052,0 

1,327 

43 

43203.7 

0,522 

IS 

22222,0 

1.328 

41 

44108,7 

0,482 

10 

30844,0 

.  1,203 

45 

44285,7 

0.440 

20 

31720,0 

1,252 

48 

44435,7 

0.324 

21 

32571.0 

1,220 

47 

44552,? 

0.342 

22 

33381,0 

1,188 

48 

44257,7 

0.202 

23 

34152.0 

1,152 

48 

44730,7 

.  0.230 

21 

34200,0 

t,lu' 

50 

44778.7 

0.150 

25 

35218,2 

1,088 

51 

44802.7 

0,030 

these  curves  (see  also  [1840]).  This  anomaly  is  so  strong  that  it 

proved  impossible  to  set  up  the  usual  exponential  equation  for  the 

B2E*  state  in  terms  of  GQ(v)  and  3y.  Therefore,  instead  of  recommending 

+  2  + 

arbitrary  values  of  the  molecular  constants  of  in  the  B  Eu  state, 
the  present  handbook  gives  in  Table  93  the  values  of  GQ(v)  and  By  for 


this  state.  For  values  of  v  <_  29  the  corresponding  quantities  were  ob¬ 
tained  exper  latent  ally  by  Douglas  [1369],  for  v  >  29  they  were  obtained 

by  the  authors  of  the  handbook  with  the  help  of  a  graphical  extrapola- 

2  + 

tion;  it  has  been  assumed  In  this  case  that  the  state  B  £u,  just  as 
2 

the  state  A  lu,  has  a  dissociation  limit  in  common  with  the  ground 

state,  i.e.,  D^CNg,  B^£*)  *  44,830  cm"1.  This  holds  with  the  exception 

2  + 

of  the  constant  of  centrifugal  distortion  DQ  in  the  B  £u  state  which, 
in  the  present  handbook,  was  chosen  according  to  Childs*  recommendation 
[1097]  and  is  given  in  Table  9*1. 

TABLE  94 

Accepted  Values  of  the  Molecular  Constants  of  tit 


State 

T, 

V. 

•A 

v» 

B* 

•*  ! 

h.-io* 

r. 

*#  • 

cm” 

-1 

A 

SUM* 

2207,18* 

18.148* 

-0.0285* 

0,00082* 

1,8258 

0.017«^ 

c 

5.80* 

1.118 

AH tm 

ttQS,42 

15.80 

— 

—8,80011 

1,722 

0.018 

4.0 

1.185 

2S54S,£ 

i 

MS 

84118,5 

3084,5 

1.1 

-o.st' 

— 

i.8*^ 

— 

— 

ijJ 

a)  These  constants  describe  the  vibrational  energy  levels  with  v  =  0  — 

-  21.  With  v  *  22  -  68  the  equation  Gn  (v)  »  2234.022  v  -  20.01851 
v2  +  0.035137  v3. holds.  u 

b)  a2  *  -  0.000164  cm"1;  c)^  =  0.29  10”6  cnf^d)  A  =  81.5  cm-1. 

e)  The  values  of  Gq(v)  and  B  are  given  in  Table  93  for  all  vibra¬ 
tional  levels  or  the  B2e+  state. 

f)  Value  of  Vgj  given. 

g)  Value  of  Bq  given  according  to  Setlow  [3689]. 

h)  Value  of  rQ  given. 

Experimental  data  on  the  levels  of  vibrational  and  rotational 
energy  of  the  N2  molecule  in  the  C  Iu  state  are  rather  scanty  (experi¬ 
mental  data  are  only  available  for  v  <  8)  but  we  know  that  anomalies 
in  the  level  energy  values  of  this  state  arise  even  with  small  v. 

Watson  and  Koontz  [4183]  and  Baer  and  Miescher  [607]  have  tried 
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to  determine  the  values  of  the  vibrational  constants.  The  constants 
obtained  by  Watson  and  Koontz  were  incorrect,  as  this  was  shown  by  Set- 
low  [36893,  because  of  an  incorrect  numeration  of  the  vibrational  levels 
used  in  paper  [$183].  The  constants  found  by  Baer  and  Miescher  do  not 
yield  a  quite  satisfactory  description  of  the  experimental  data  ob¬ 
tained  in  other  papers  [3933,  *12713.  There  is,  in  particular,  a  diver¬ 
gence  between  the  calculat'd  and  the  experimental  values  of  GQ(v)  that 

exceeds  20  cm-1  for  v  *  8.  In  the  presence  of  strong  perturbations  of 

2  + 

the  energy  levels  of  the  C  lu  state  it  is,  however,  inopportune  to 
calculate  more  accurate  values  of  the  vibrational  constants.  The  vi¬ 
brational  constants  of  this  stc  ,e,  recommended  by  Baer  and  Miescher 
[6073  are  therefore  accepted  in  the  present  handbook  and  given  in  Table 
9*1.  The  same  table  also  contains  the  rotational  constant  BQ  of  the  C  ru 
state  found  by  Setlow  [36893-  The  value  of  this  constant  exhibits  a 


great  error  since  the  anomaly  In  the  By  values  is  particularly  strong 
with  small  v.* 

NO.  The  electron  ground  state  of  the  NO  molecule  is  of  the  type 

2 

nr.  In  the  present  handbook  we  also  consider  the  following  six  excited 
electron  states  of  NO:  A2Z+,  B2!,  C2U,  D2I+,  B,2a  and  E2Z+  (cf.  Fig. 

11)  with  excitation  energies  of  from  *13,96*1.5  to  60,629  cm-1.  The  pre¬ 
sence  of  such  a  great  number  of  electron  states  in  a  comparatively  nar¬ 
row  range  was  for  many  years  a  source  of  difficulties  and  confusion  In 
analyzing  and  interpreting  the  electron  spectra  of  NO.  But  at  present, 
as  a  result  of  the  papers  of  Sutcliffe  and  Walsh  [39023,  Herzberg,  La- 
gerquist  and  Miescher  [20363,  Barrow  and  Miescher  [6583  and  Lagerqulst 
and  Miescher  [25283,  the  problem  of  the  Interpretation  of  these  states 

may  be  considered  as  solved.*** 

2 

The  ground  state  X  nr  of  the  NO  molecule  is  connected  with  seven 

9  1  p  2 

excited  states,  forming  the  system  of  bands  y (A  I  -  X  nr),  8(B  nr  - 


-  X  Hr),  6(C  nr  -  X*-nr),  etc  £  -  x^),  B’CB^A  -  XfcJlr)  and  Ecr  - 

—  X2nr.  The  data  obtained  in  investigating  the  y  bands  ([l88l,  3628, 

1663*  36273,  etc.)  and,  in  particular,  the  o-bands  [2036J,  etc.),  the 
e-bands  ([658],  etc.)  and  the  s’-bands  [606a,  2906,  2908],  etc.),  do 
not  permit  a  calculation  of  sufficiently  accurate  values  of  the  mole¬ 
cular  constants  of  the  ground  state,  since  in  these  systems  bands  were 
observed  which  correspond  to  transitions  or  only  a  single  vibrational 
level  of  this  state  (v"  *  0)  (6,  e  and  8*  systems)  or,  in  the  case  of 
a  Y“band,  to  a  level  with  v"  <  8  (Gaydon  [1663]).  From  this  point  of 
view  it  was  investigations  of  the  8  system  of  NO  which  yielded  the  most 
valuable  results.  Jenkins,  Barton  and  Mulliken  [2232],  in  1927,  analyzed 


Fig.  11.  Schematic  representation  of  the  potential  curves  of  the  NO 
molecule  (after  Herzberg,  Lagerquist  and  Miescher  [2036]). 


thoroughly  a  great  number  of  bands  of  the  8  system,  corresponding  to 
v"  values  from  4  to  16,  with  the  help  of  a  grating  spectrograph  (dis 


persion  about  0.97  A/mm  in  second  order),  and  calculated  the  values  of 
the  vibrational  constants.  In  195**,  with  the  help  of  a  low-dispersion 
device  (about  58  A/mm),  Brook  and  Kaplan  [978]  measured  the  band  edges 
in  the  ft  system  up  to  values  of  vM  *  23.  The  bands  of  the  ft  system, 
corresponding  to  small  values  of  vn,  were  observed  by  Schmid  [3628] 
and  Gaydon  [166*1];  the  measuring  accuracy,  however,  was  not  high  in 
these  papers.  In  the  absorption  spectrum  (Herzberg,  Lagerquist  and 
Miescher  [2036])  the  6  bands  were  only  measured  with  v"  *  0. 

The  most  acc\:  ate  energy  values  of  low  vibrational  levels  of  the 
ground  state  were  obtained  in  investigations  of  the  vibration-rotation 
spectrum  of  NO  in  the  infrared  range  [17**8,  3067,  369*1,  3972].  In  the 
paper  of  Gillette  and  Eyster  [17*18],  by  way  of  processing  the  measur¬ 
ing  results  of  the  bands  1—0,  2—0  and  3  —  0  In  the  infrared  spec¬ 
trum  and  the  ft  bands  In  the  electron  spectrum  [2232],  the  vibrational 
constants  were  calculated  for  which.  In  subsequent  measurements  of  the 
infrared  bands  In  the  papers  of  Nichols,  Hause  and  Noble  [3067]  (bands 
2—0  and  3—0)  and  also  in  those  of  Shaw  [369*1]  and  Thompson  and 
Green  [3972]  (band  1  —  0).  virtually  the  same  results  were  obtained. 

The  vibrational  constants,  calculated  by  Gillette  and  Eyster 
[17**8],  yield  an  exact  description  only  of  the  lower  vibrational  levels 
while  the  constants,  suggested  by  Jenkins,  Barton  and  Mulliken  [2232] 
describe  more  accurately  the  high  vibrational  levels  (cf.  Table  95). 

Considering  the  fact  that  an  extrapolation  of  the  vibrational  le¬ 
vels  with  respect  to  the  values  of  the  constants,  recommended  in  the 
papers  [17**8,  2232]  does  not  converge  at  the  dissociation  limit  of 
NO  which  amounts  to  52, **76  cm”1  (cf.  page  762),  the  values  of  the 
vibrational  constants  of  the  electron  ground  state  of  NO  were  again 
calculated  when  preparing  the  present  handbook,  using  a  fourth-order 
equation  and  applying  the  method  described  on  page  66.  In  the  calcula- 


TABLE  95 

Energies  of  the  Vibrational  Levels  Gn(v)  of  the 
NO  Molecule  in  the  State  X2nr  (in  cmul) 


» 

bptdantit 

Data 

Calculation  from  constant ■  | 

|7tlU* 

IW*!*13 

fata.  IT 

1 

1371,10  [3972] 

1877,73 

1876,0* 

1878,52 

2 

3724,13(3097] 

3728,84 

3724,23- 

3724,33 

* 

3544,28(3037] 

5547,51 

5544,42 

5543,75 

It 

•*  130184  (2232] 

19101,7 

19008,7 

19097,8 

12  ■ 

20385,4  (2232]  »  c 

20038,3 

20687,0 

20868.9 

13 

22203,1  (2233]  *c 

22208,6 

22207,2 

22208.0 

21 

33183  (  *78]* 

33483 

33519 

33475 

•  22  . 

•  H7S2  |8I8]«£ 

34757 

34807 

34742 

23 

»  * 

36332  (  373]* 

90087 

35978 

* 

w 

.52450 

55175 

83532 

52489rd 

a  •  0,W-.lS82.tlt»- 14.4243 >+0,04021  ••-0,001351 

^  4  0,  (a) -1890,08  a- 13,17 a»+ 0,0012  at  -87 

c.«  . 

Calculated  froa  values  of  determined  expertmrtotslly. 

-  r<w 

tions  we  used  values  of  Gq(v)  which,  in  the  case  of  v  =  1,  were  taken 
from  Thompson  and  Green  [3972],  with  v  *  2  and  3  from  Nichols,  Hause  and 
Noble  [3067],  with  v  =  4-13  from  Jenkins,  Barton  and  Mulliken  [2232], 
with  v  *  16-23  from  Brook  and  Kaplan  [978],  and  also  a  rounded  value  of 
the  NO  dissociation  energy  (52,500  cra”^.  By  way  of  successive  approxi¬ 
mations,  with  v  _  *  47,  we  calculated  *re  values  of  the  constants, 

max 

given  in  Table  97;  moreover,  we  find  in  Table  95  a  comparison  of  several 
values  of  Gq(v),  calculated  from  new  constants  and  determined  in  exoeri- 
ments. 

It  should  be  noted  that,  since  the  ground  state  of  NO  is  of  the  type 

2 

n  ,  there  exist  two  sets  of  vibrational  levels  for  each  of  the  sub- 
2  2 

states  n^/2  anG  ”3/2  which  are  shifted  with  respect  to  one  another 
by  about  124  cm”1.  The  values  of  aGv+i/2  of  these  substates  differ 
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a 


( 


by  about  0.2  cm-1  with  v  *  0  and  10  cm”*  with  v  *  23.  Gillette  and  Eys- 
ter  £17^83  and  Jenkins,  Barton  and  Mulliken  [2232]  set  up  the  vibra¬ 
tional  energy  equations  separately  fcr  either  substate.  The  values  of 
the  vibrational  constants  used  in  the  present  handbook  are  the  averages 
of  the  two  substates.  The  corresponding  error  of  the  quantity  «0  amounts 
to  +0.1  cm”*;  with  the  other  substates  the  error  is  virtually  vanishing. 

Thu  values  of  the  rotational  constants  of  the  NO  molecule  in  the 

o 

state  X~nr  were  calculated  repeatedly  on  the  basis  of  results  of  inves¬ 
tigations  of  the  electron  ([2232],  etc.)  and  the  vibration-rotation 
spectra  [1748,  3067,  3694,  3972,  2454],  and  the  rotation  spectra  in 
the  infrered  [3167]  and  the  microwave  range  [1031,  1643,  1645,  1644, 

1534,  1535]*  In  the  paper  of  Thompson  and  Green  [3972],  devoted  to  in¬ 
vestigating  the  fundamental  bands  of  the  infrared  spectrum  of  NO,  the 
results  of  basic  outstanding  papers  on  the  determination  of  the  rota¬ 
tional  constants  are  summarized.  A  calculation  with  constants  obtained 
by  Gillette  and  Eyster  [1748]  as  a  result  of  a  simultaneous  treatment 
of  own  measurements  of  the  infrared  bands  3  —  0,  2  —  0  and  1  —  0  and 
data  of  Jenkins,  Barton  and  Mulliken  [2232]  yields  the  best  agreement 
with  the  values  of  By  found  in  experiments  (up  to  v  *  13).  In  particu¬ 
lar,  the  value  of  BQ  *  1.6957  cm”*,  calculated  with  these  constants, 
coincides  virtually  with  the  value  of  BQ  =  1.6958  cm”*  found  by  Gal¬ 
lagher  and  Johnson  [1644]  as  the  result  of  microwave  measurements  and 
the  value  of  —  ljM'or*  determined  by  Palik  and  Rao  [3167]  from  the  in¬ 
frared  rotation  spectrum  of  NO.  In  like  manner,  we  have  a  good  agree¬ 
ment  between  the  calculated  and  experimentally  determined  effective 
values  of  the  rotational  constants  of  each  of  the  sub3tates.  The  val¬ 
ues  of  Bg  and  of  the  NO  molecule  in  the  ground  state,  obtained  by 
Gillette  and  Eyster  [1748],  are  accepted  in  the  present  handbook  and 
are  given  in  Table  97. 
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The  constant  of  centrifugal  distortion  was  determined  through 
experiments  in  a  series  of  papers  devoted  to  the  investigation  of  the 
HO  molecule  spectra  in  the  infrared  [1748,  3694,  3972]  and  in  the  mi¬ 
crowave  range  [1644].  The  measurements  by  Thompson  and  Green  [3972], 
where  the  quantity  Dq  «  D1  =  5.1*10”^  cm”1  was  obtained  as  the  result 
of  analyzing  the  rotational  structure  of  the  1—0  band  with  a  maximum 
value  of  J  equal  to  33.5,  may  be  viewed  as  most  reliable.  The  values 
found  by  other  authors  are  close  to  this  value  (5.0*10“^  by  Gillette 
and  Eyster  [1748],  6»10”^  by  Shaw  [3694],  5* 9 *10“®  by  Gallagher  and 

Johnson  [1644]).  The  table  of  the  accepted  values  of  the  molecular  con 

2 

stants  of  NO  also  contains  the  values  of  D-  for  the  X  n  -state  found 

0  r 

by  Thompson  and  Green  [3972]. 

The  constant  of  spin-orbital  coupling.  A,  of  tne  NO  molecule  in 
the  ground  state  has  been  determined  in  a  series  of  papers  devoted  to 
the  investigation  of  the  electron  and  infrared  spectra  of  NO.  In  the 
present  handbook  we  ignore  the  dependence  of  A  on  the  vibrational 
quantum  number  v  and  assume  that  A  »  AQ  *  123.3  cm-1,  according  to 
data,  obtained  by  Shaw  [369'']. 

Since  the  ratio  A/B  5  73,  the  type  of  bond  of  the  NO  molecule  in 
2 

the  ground  state  nr  reseubles  case  a.  according  to  Gund. 

The  investigation  of  the  microwave  spectrum  of  NO  [1643,  1644, 
1534,  1535J  permitted  the  determination  of  the  hyperfine  structure 
of  the  rotational  bands,  i.e.,  the  splitting  of  the  components  of  A 

doublets.  This  splitting  is,  however,  insignificant  (about  0.01  cm-1) 

2  2 
with  the  state  ^/2  ne8lisibly  small  with  the  state 

Apart  from  the  bands  of  the  y-system,  another  two  systems  are  con 

2  + 

nected  with  the  first  excited  state  A  !:  of  the  NO  molecule,  namely 
D2e+  -  A2E+  and  E2E+  —  A2E+,  which  were  studied  by  Feast  [1539].  ±he 
y-system  was  observed  in  both  the  emission  and  the  absorption  spectrum 


in  the  emission  spectrum,  in  spite  of  a  great  many  papers  [3627,  3628, 
1663,  1700,  1287,  1288,  1289],  bands  with  v»  >  3  could  not  be  obtained. 
On  the  basis  of  this  fact  it  was  proposed  to  assume  that  predissocia¬ 
tion  occurs  at  v’  *  4  which  is  accompanied  by  a  breakoff  of  the  vibra¬ 
tional  structure.  But  as  a  result  of  investigations  of  the  NO  absorp¬ 
tion  spectrum  in  the  ultraviolet  range,  with  a  vacuum  spectrograph 
of  a  dispersion  of  O.63  A/mm,  the  bands  4-0  and  5  —  0  of  the  y  system 
were  discovered  [2036,  658]  which  are  strongly  overlapped  by  the  bands 
of  the  e  system.  An  analysis  of  own  data  with  v’  *  4  and  5  and  data 
obtained  by  Gero  and  Schmid  [1700]  with  v'  *  0  —  3,  Barrow  and  Miescher 

[658]  calculated  the  vibrational  and  rotational  constants  of  the  state 
2  + 

A  E  which  are  accepted  in  the  present  handbook  and  given  in  Table  97. 
The  constant  of  centrifugal  distortion  Dq,  contained  in  this  table, 
was  found  by  Gero  and  Schmid  [1700].  The  values  of  constants  recommend¬ 
ed  by  other  authors  (among  them  by  Feast  [1539]  whose  data  are  accepted 
in  the  handbook  [649]  and  partly  in  Herzberg’s  monograph  [2020])  agree 
with  those  given  in  Table  97,  are,  however,  obviously  less  accurate 
since  they  were  calculated  on  the  basis  of  results  of  measuring  bands 
corresponding  to  values  with  v*  3 - 

According  to  Sutcliffe  and  Walsh  [3902]  and  also  Barrow  and  Mies- 
cher  [658],  the  dissociation  limit  of  the  A  E  state  must  be  related 
with  the  atomic  states  of  NC^S)  +  0(^S)  or  NC^S)  +  0(^S),  i.e.,  it  must 
lie  126,220  or  129,240  cm”1  above  the  ground  state.  According  to  the 
constants  accepted  in  the  present  handbook,  the  vibrational  levels  of 

the  A  E  state  converge  to  the  limit  of  128,670  cm  "*■  with  v  y  *  71. 

2  ? 

The  bands  of  the  6-system  B'  A  —  B"nr  are  connected  with  the  nett 

p 

excited  electron  state  of  the  NO  molecule  (Bn),  lhe  bands  of  the  sys- 
2  2 

tem  B*  a  -  B  nr  were  observed  by  Duffieux  and  Grillet  [1413],  Tanaka 
and  Ogawa  [3936]  and  Ogawa  [3112,  3113].  Baer  and  Miescher  [607]  iden- 
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tified  10  bands  (vM  <  4)  of  this  system  according  to  data  of  Tanaka 
and  Ogawa  [3936],  Since  the  rotational  structure  of  the  bands  was  not 
resolved,  the  values  obtained  for  the  vibrational  constants  of  both 
states  are  of  low  accuracy. 

The  investigations  of  the  6  system  have  already  been  mentioned 

(cf.  page  680).  It  is  an  interesting  particularity  of  this  system  that 

in  the  emission  spectrum  [2232,  3628,  1664,  1288]  only  bands  connected 

with  values  of  v'  <  6  are  observed  whereas  in  the  absorption  spectrum 

Herzberg,  Lagerqulst  and  Miescher  [2036]  obtained  the  e-bands  up  to  v'  = 

*  19  and  Barrow  and  Miescher  [658]  supposedly  discovered  also  the  bands 

22-0  and  24-0.*  Herzberg,  Lagerqulst  and  Miescher  (for  details  see 

Lagerqulst  and  Miescher  [2528])  assumed  that  the  potential  curve  of 
0 

the  B  nr  state  in  the  range  v*  =  7  intersects  the  curve  of  the  repul- 
2  + 

sive  state  E  ,  dissociating  into  normal  atoms  which  may  explain  the 

fact  that  the  levels  of  the  B4"!!  with  v'  >  7  are  not  observed  in  the 

r 

emission  spectrum.** 

Barrow  and  Miescher  [658]  summarized  the  experimental  values 

(chiefly  obtained  by  Herzberg,  Lagerqulst  and  Miescher  [2036])  of  the 

energies  of  the  vibrational  levels  and  of  the  rotational  constants  Bv 
2 

for  the  B  nr  state  up  to  v  =  19 .  Barrow  and  Miescher,  however,  did  not 
give  the  values  of  the  vibrational  and  rotational  constants. 

On  the  basis  of  data  contained  in  the  paper  of  Barrow  and  Miescher 
[658],  the  authors  of  the  present  handbook  (cf.  [477])  calculated  the 

p 

values  of  the  vibrational  constants  of  the  B  nr  state  with  the  help  of 
a  fourth-order  equation,  following  Herzberg,  Lagerqulst  and  Miescher 
[2036]  in  assuming  that  the  NO  molecule  in  this  state  has  a  dissociation 
limit  of  N(  D)  +  0(JP).  These  constants  were  accepted  in  the  present 
handbook  and  are  given  in  Table  97.  It  should  be  noted  that  the  accept¬ 
ed  values  of  the  vibrational  constants  were  calculated  on  the  basis 
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but  when  these  constants 


2 

of  experimental  data  of  the  substate 

2 

are  used  with  the  substate  a  sma*-1-  ei>ror  arises  which  may  be 

p 

neglected.  In  Table  96  for  several  values  of  v  of  the  B  nr-state  values 
of  Gq(v)  are  given  which  were  determined  by  experiment  and  calculated 
from  constants,  recommended  by  a  series  of  authors  or  such  as  are  given 
in  the  present  handbook.  The  values  of  the  rotational  constants  of  the 

p 

B  nr  state  were  also  calculated  from  data  of  [658]  and  are  given  in 
Table  97. 

TABLE  96 

Energies  of  the  Vibrational  Levels 
Gq(v)  of  the  NO  Moiscule  in  the 

B2nr  State  (in  cm-1) 


• 

‘Experi¬ 

mental 

data 

,[658] 

‘Calculated  from  1 

constants*  1 

tan f 

n&«.  ft 

1 

1022,0 

1022,1 

1021.9 

1022.3 

4 

3099,3 

4004,9 

39984 

4001,0 

10 

9004,9 

9550,0 

9549 

9607,4 

14 

13109,1 

12949 

13009.9 

19 

17109,1 

17594 

>9019  ^ 

17125,5 

%** 

— 

35500 

c 

29332* 

a  •  0,(0) -1029.429*- -7,490^+0.1017 •*. 
b  •  0,(o) -1029,4*— 7,410  o*.  %^-TO. 
«  •»»«- 39. 


2 

The  B  n-state  is  a  normal  state,  the  type  of  bond  in  it  resembles 
Case  a  according  to  Ound.  According  to  data  given  in  the  paper  of  Bar- 
row  and  Miescher  [656],  the  values  of  the  spin-orbital  coupling  con¬ 
stant  A  grows  considerably  as  v  increases;  in  the  handbook,  however, 
we  assume  that  A  »  AQ  *  31.3  cm-'1. 

1*2  C-state  of  the  NO  molecule  was  previously  considered  as  a 
2  ♦ 

stare  -  f  the  type  l  and  the  vibrational  levels  of  this  state,  corres¬ 
ponding  to  v  >  0  were  assumed  not  to  exist  since  in  the  emission  spec- 
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tra  [3629,  1664]  transitions  connected  with  levels  with  v'  >  0  were  not 

o  +  p 

observed.  As  in  the  cases  of  the  A1-?,  and  B  H„  states,  this  effect  was 
-  r 

explained  by  predissociation.  In  1952,  however,  Herzberg,  Lagerquist  and 
Miescher  [2036]  discovered  in  the  NO  absorption  spectrum  bands  0-0,  1-0, 

2r0,  3-0  and  4-0  of  the  <5  system  and  showed  that  this  system  pertains  def- 

2  2 

initely  to  the  H  —  n  transition,  while  the  type  of  bond  in  the  upper 
state  c?n  resembles  Case  b  according  to  Gund.  As  in  the  case  of  the  B2Hr 
state,  the  emission  spectrum  does  not  contain  transitions  from  levels 


TABLE  97 

Accepted  Values  of  the  Molecular  Constants  of  NO 


State 

r. 

•« 

V* 

*1 

a* 

D ;  -10* 

'4 

_ : _ 1 

,  -1 

an _ _ 

k 

jnv 

1906,505 

14,648 

0,0724 

0,002316 

1,7046 

0,00178 

5.1 

1,1503 

JPZ* 

43884.8b 

2374,8 

18,46 

— 

— 

1,9072 

0,01928 

6.0 

1.0631 

45918* 

1038,20 

8,224 

0,1908 

0,00492 

1.124 

0,012 

2.7 

1.417 

52973 

2455.7 

18.9 

— 

— 

2,008 

0,054 

5,4"  C 

1.060 

mz* 

53085 

2323.90 

22,885 

0,75 

0,22 

2,0021 

0,02175 

6.1 

1,0617 

B*At 

90384,5 

1218.8 

15,88 

— 

:  — 

1,330 

0,019 

1.303 

<0829 

2373,88 

15,87 

— 

— 

1,9883 

0,0182 

5.6^  d 

1,0660 

a  •  4  ■*  123,3  er*.  c  Calculated  from  Eq.  (1.36) 

A-  31.3  or*.  d  r  fc-MO*  cr*. 


with  v  >  0  which  was  explained  by  Herzberg  et  al.  [2036]  (cf.  also 

[2528])  as  the  consequence  of  an  intersection  of  the  potential  curve  of 

2  2  + 
the  Cl  state  with  the  curve  of  the  repulsive  state  Z  .  The  mutual 

2  2 

perturbation  of  the  states  C  il  and  B  H,  investigated  by  these  authors, 
makes  it  difficult  to  calculate  the  vibrational  and  rotational  con- 

p 

stancs  of  NO  in  the  C  n  state.  Based  on  the  results  of  paper  [2036]* 
the  authors  of  the  present  handbook  calculated  the  molecular  constants 

p 

of  NO  in  the  state  C  n  and  the  values  obtained  are  compiled  in  Table  97. 

2  + 

The  molecular  constants  of  NO  in  the  next  excited  state  D  z  may 
be  calculated  from  an  analysis  of  the  e  system  of  bands.**  In  the  emis- 
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sion  spectrum  this  system  was  studied  by  Gaydon  [1664],  GerO,  Schmid 

and  Szily  [1701]  and  Ogawa  [3114];  transitions  were  only  observed  to 

occur  from  the  two  vibrational  levels  v*  *  0  and  v'  «  1  of  the  state 
2  + 

D  E  .*  Investigating  the  e  system  in  the  absorption  spectrum,  Barrow 

and  Miescher  [658]  obtained  bands  corresponding  to  v'  _<  4  and  calcula- 

2  4* 

ted  the  molecular  constants  of  NO  in  the  D  E  state  which  are  also 

adopted  in  our  handbook  and  contained  in  Table  97.  Barrow  and  Miescher 

noted  that  the  intersection  of  the  potential  curves  of  the  states 
2  2  4* 

B  n  and  D  E  gives  rise  to  some  weak  Interactions  whose  most  Important 

2  +  .1 

consequence  is  a  change  of  the  value  of  B^(D  E  )  by  0.0056  cm  compared 
with  the  nonperturbed  value. 

2  4*  2  4* 

Fron  an  analysis  of  the  0-0  band  of  the  D  E  —EE  system.  Feast 

[1539]  calculated  B’  =  1.9912  and  D’  *  5.8*10~6  cm-1. 

?  2 
The  B*  A  state  of  the  NO  molecule  is  connected  with  the  B'  A  — 

p 

-Bn  band  system  mentioned  above  (see  page  68?).  Moreover,  this  state 

is  an  upper  state  of  the  8*  system  of  bands  with  whose  investigation 

Miescher  [2906,  2908,  6o6]  and  Tanaka  [3931]  were  concerned  in  several 

2  + 

papers.  The  -state  B’  was  first  identified  as  a  state  of  the  type  B*  E  , 

but  Miescher  [2906,  2908],  as  a  result  of  analyzing  several  bands  of 

the  6'  system  with  values  of  v*  «  5,  could  show  that  the  B*  state  is 
2 

an  inverted  A  state  whose  type  of  bond  resembles  Case  b  according 
to  Gund  and  he  calculated  the  molecular  constants  of  NO  in  this  state. 
These  constants  are  accepted  in  the  present  handbook  and  given  in  Table 
97. 

2  + 

The  molecular  constants  of  NO  in  the  E  E  state  were  obtained  by 

Feast  [1539J  (cf.  also  [1228a])  when  analyzing  the  rotational  structure 

2  +  2  + 

of  the  bands  0-1,  1-1  and  2-2  of  the  system  EE  —  A  E  .  These  values 
of  the  constants  are  accepted  in  the  present  handbook  and  given  in  Table 
97.  After  Feast’s  paper  had  been  published,  a  communication  came  out 


dealing  with  investigations  of  new  absorption  bands  of  NO  in  the  far 
ultraviolet  carried  out  by  Tanaka,  Seya  and  Mori  [39371-  The  authors 
of  [39371  referred  these  bands  to  the  transition  EE  -  X  n.  An  analy¬ 
sis  of  the  band  edges  yielded  the  values  of  the  vibrational  constants 
of  the  E  E  state  which  agreed  with  those  found  by  Feast  [15391- 

It  must  be  noted  that  a  determination  of  the  vibrational  constants 
of  NO  in  the  excited  electron  states  is  difficult  owing  to  the  fact 

that  the  dissociation  limits  of  these  states,  with  the  exception  of  the 

2  2  + 

B  nr  state  and,  to  a  certain  degree,  of  the  A  E  state,  are  unknown. 

We  may  only  assume  that  this  limit  is  high  and  has  an  energy  of  100,000 

cm-1  or  more. 

NO  .  The  NO  bands  were  first  observed  by  Baer  and  Miescher  [606] 

in  the  Schuman  range  of  the  emission  spectrum  of  a  discharge  in  helium, 

containing  NO.  But  the  bands  obtained  by  Baer  and  Miescher  could  not 

be  accurately  identified.  Tanaka  [39311,  who  tried  to  reproduce  these 

bands,  assumed  that  they  were  belonging  to  the  system  A1!!  —  X*E+  of 

the  N0+  molecule  and  calculated  the  vibrational  constants  for  both 

states.  Somewhat  later,  Baer  and  Miescher  [607]  demonstrated  beyond  a 
doubt  that  these  bands  belong  to  the  indicated  system.  In  1955,  Miescher 
[2906,  2907]  again  measured  the  system  A^II  —  of  the  N0+  molecule 

with  an  apparatus  of  higher  dispersion  (2.5  and  0.62  A/mm,  respectively, 
in  first  and  fourth  orders  of  grating)  and  by  way  of  analyzing  the  bands 

1-1,  1-2,  0-1,  0-2,  0-3,  0-4  and  0-5,  he  calculated  the  vibrational  and 

rotational  constants  of  the  states  A^H  and  xV\  These  values  of  the 

constants  are  used  in  the  present  handbook  and  piven  in  Table  98. 

A  linear  extrapolation  of  the  vibrational  levels  of  the  ground 
state  of  N0+  leads  to  a  value  of  Dn  *  85,216  cm-1  with  *  72  which 
is  somewhat  smaller  than  the  value  of  Dq(N0+)  =  87,683  cm”1, calculated 
under  the  supposition  that  in  the  X1E+  state  the  N0+  molecule  disso¬ 
ciates  Into  the  atoms  N^S)  +  0+(i,S)  (see  page  763).  in  order  to  elim- 
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inate  this  inconsistency,  another  term,  proportional  to  v**  [478]  was 
added  to  the  equation  of  energy  of  the  vibrational,  levels.  The  coef¬ 
ficient  &>qZq>  calculated  in  accordance  with  the  relations  (1.14a)  and 
(1.14b),  is  equal  to  0.0000815  cm”1;  in  this  case,  the  vibrational 
levels  of  the  ground  state  of  N0+  converge  to  the  dissociation  limit 
87,700  cm”1. 

In  analogy  with  the  isoelectronic  molecules  (e.g.,  CO  or  Ng)  we 
may  expect  that  the  NO*  molecule  has  a  series  of  triplet  electron 
states,  among  them  such  with  excitation  energies  below  the  A1!!,  state. 
This  has  been  verified  in  a  paper  of  Tanaka  [3927]  who  observed  in  the 
absorption  spectrum  of  NO  several  Rydberg  series  with  three  different 
limits  of  convergence.  In  the  present  handbook  these  limits  were  iden¬ 
tified  with  the  excited  electron  states  a^n,  a’^E*  and  d^H  of  the  NO* 
TABLE  98 

Accepted  Values  of  the  Molecular  Constants  of  NO* 


a*  0,0000815  or*. 

0  •  Value  given  of  u)n 
c*  Estimate  u 


d  *  Value  given  of 
e  *  Value  given  of  Tq 


molecule.  The  excitation  energies  of  these  states,  given  in  Table  98, 
were  calculated  on  the  basis  of  data  obtained  by  Tanaka  [3927].  For  the 
two  states  a,JE  and  dJn  the  values  of  «Q  are  also  given  which  were  ob¬ 
tained  by  Tanaka.  The  values  of  w0  *  1150  and  BQ  *  1.251  cm”1  of  the 
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e3E~  state,  given  in  Table  98,  were  calculated  by  Miescher  [290?]  on 
the  basis  of  an  analysis  of  the  perturbations  in  the  A^n  state.  It 
must  be  noted  that  the  excitation  energies  of  the  triplet  states  of 
NO+  exhibit  an  error  reaching  +2000  cm-1. 

NH.In  the  spectrum  of  NH  molecules  f)ur  band  systems  were  inves¬ 
tigated,  one  of  them  connected  with  the  transition  between  the  triplet 
states  (A3!^  -  X3e”)  and  three  with  transitions  between  the  singlet 
states  (c1n  -  a1A,  c1n  -  b1Z+,  d1E+  -  c1n).»  On  the  basis  of  an  analy¬ 
sis  of  the  papers  published  up  to  1950,  Herzberg  [2020]  and  the  authors 
of  the  handbook  [649]  compiled  the  tables  of  molecular  constants  of 
NH  for  all  six  electron  states  of  the  molecule;  for  the  ground  state 

X3E~  a  value  of  u  was  recommended  that  was  calculated  from  Eq.  (1.36). 

e 

After  1950,  the  system  A3n±  -  X3E"  in  the  emission  spectra  of  NH 
and  ND  was  subject  to  additional  investigations  in  the  papers  of  Pan- 
netier,  Gaydon  and  Guenebaut  [3174,  3175,  3172,  3176,  3178,  3179,  3180, 
1872,  3177,  1872a,  1872b],  The  spectra  were  excited  in  an  explosion 
of  hydrazoic  acid  and  also  in  the  "atomic"  flame  of  HN^  +  H.  Based  on 
measurements  of  the  band  edges  of  (0-0,  0-1,  1-0,  1-1,  1-2,  2-1  and  2-2) 
of  the  system  A3]^  -  X3E~,  the  values  of  the  vibrational  constants  of 
the  NH  molecule  in  the  states  A3!^  and  X3e“  were  calculated.  These 
values  are  accepted  in  the  present  handbook  and  given  in  Table  99*  An 
analysis  of  the  rotational  structure  of  che  bands  0-1  and  1-0,  carried 
through  uy  the  above  authors,  led  to  results  which  virtually  agreed 

3 

with  the  values  of  the  rotational  constants  of  the  states  XJE  and 
A3!ti  previously  found  by  Funke  [1628]  by  way  of  analyzing  the  fine 
structure  of  the  bands  0-0  and  1-1  and  recommended  in  Herzberg’ s  mono¬ 
graph  [202b]  and  in  the  handbook  [649].  These  values  of  the  rotational 
constants  are  also  accepted  in  the  present  handbook**  (cf.  Table  99). 

It  must  be  noted  that  the  system  A3n^  —  X3E~  of  the  molecules  of 


NH  and  ND  were  also  studied  in  the  absorption  spectra  of  these  radi¬ 
cals  in  matrices  of  argon,  krypton  and  xenon  at  l|.20K  by  MacCarty  and 
Robinson  [2688]  (cf.  also  [3*158,  3*159]).  In  these  investigations,  how¬ 
ever,  the  molecular  constants  of  NH  were  not  determined. 

The  molecular  constants  of  NH  in  the  suites  a1  A  and  c^n  given  in 
Table  99,  were  obtained  by  Plorent  and  Leach  [156?]  $.n  1952,  when  in¬ 
vestigating  the  bands  1-0,  0-0  and  0-1  of  the  c1!!  -  a1  A  system  in  the 
emission  spectrum  of  NH  and  ND.  The  vibrational  constants  were  calcu¬ 
lated  by  the  authors  of  paper  [1569]  from  the  isotope  shift  of  the 
bands  observed. 

Since  bands  corresponding  to  mutually  combined  transitions  are  not 
observed  in  the  NH  spectrum,  the  values  of  the  excitation  energies  of 
singlet  states  of  the  NH  molecule  could  not  be  determined  by  experiment. 
Plorent  and  Leach  [1569]  estimated  the  quantity  T  (a1^)  under  the  as¬ 
sumption  that  in  the  a1A  state  the  NH  molecule  dissociates  into  the 

2  2  q  „ 

atoms  N(  D)  +  H(  S).  Since  in  the  X°E  ground  state  the  NH  molecule 

U  ? 

dissociates  nnto  atoms  in  the  ground  states,  N(  S)  +  H(  S),  the  relation 

TS(*  A)  -  D,(X»r)  -  D&&) + E  JN  £0)1, 

p 

must  hold  true,  where  E[N(  D)]  is  the  excitation  energy  of  the  N  atom 
2 

in  the  D-state.  Calculating  the  dissociation  energy  of  NH  in  the  state 
a^^D  a*  ^358")  cm”1)  by  means  of  a  linear  extrapolation  and  assuming 
a  value  of  the  dissociation  energy  of  NH  in  the  ground  state  that  was 
also  calculated  with  the  help  of  a  linear  extrapolation  by  Pannetier 
and  Gaydon  [317*1]  (De  »  33970  cm”1),  Plorent  and  Leach  obtained 
Tg(a1A)  *  9600  cm"1  (1.2  ev) . 

The  main  error  in  the  value  of  T  (a1 a)  is  due  to  the  inaccurate 

e 

determination  of  the  dissociation  energy,  though  Plorent  and  Leach 
meant  that  this  inaccuracy  might  amount  to  the  same  order  of  magnitude 
for  both  constants  so  that  it  would  not  exert  an  essential  influence 


=  ] 


on  the  final  result.  It  must  be  noted  that  Mulliken  [2934]  and  the 
authors  of  the  handbook  [649]  recommend  T  (a3^)  s  1.1  ev.  Taking  the 
approximate  nature  of  the  estimates  of  this  quantity  into  account,  a 
value  of  Tg(a^A)  *  9000  cm*’3'  (about  1.1  ev)  was  accepted  in  the  pre¬ 
sent  handbook,  with  a  possible  error  of  +1000  cm-1. 

The  values  of  the  constants  of  the  NH  molecule  in  the  b1r+  state, 
given  in  Table  99*  were  borrowed  from  Herzberg's  monograph  [2020]  and 

the  handbook  [649].  In  Table  99*  we  find  all  known  electron  states  of 

*1  *1 
NH,  except  the  dA£  atate  which  lies  about  80,000  cm  higher  than  the 

ground  state. 

TABLE  99 

Accepted  Values  of  the  Molecular  Constants  of  NH,  NF  and  NS 


Mole¬ 
cule  State 


D,  10* 


0,  32SS 

•oar  33M 

I7500°b  34Mr 


40300* 


3PL 

0 

•000^ 

JPllr 

o*g 

1218,1 

•A* 

A 

40000,21 

870,65 

40048,78 

340,4 

43300,4 

" 

a 

43308,1 

780  - 

ns 

43296,2 

1400,5 

Q,66**r 


1,4830 

1,5762 

l,«2"e 
1,448* e 


a  •  ar\  e*  Value  giver*  of  r 

b  •Estimate  £ •  N,* 5»10-* «r*. 

c  •  Calculated  from  Eq.  (1.36)*  A-223,03  or*,  g 
d  'Value  given  of  Bn  - 


NF.  There  does  not  exist  any  literature  on  Investigations©?  the 
NF  spectrum.  Considering  this,  the  molecular  constants  of  NF  given  in 
the  present  handbook  were  chosen  on  the  basis  of  approximate  estima¬ 
tions. 

The  value  of  the  interatomic  distance  in  the  NF  molecule  was  es¬ 
timated  as  being  equal  to  1.40  +  0.05  A,  on  the  basis  of  the  values  of 
the  bond  lengths  rN_H  in  the  molecules  of  NH  and  NH^  (I.O38  and  1.017  A, 
respectively)  and  **N_p  in  the  molecules  of  NF^  (1.371  A). 

The  vibrational  frequency  of  the  NF  molecule  was  calculated  from 
Eq.  (1.42),  assuming  that  the  force  constant  kg  is  equal  to  the  force 
constant  fd  of  the  NF^  molecule  (4.36*10^  dyne* cm-1  [3608]).  A  compari¬ 
son  of  the  known  values  of  k  of  diatomic  molecules  XY  with  the  corres- 

e 

ponding  force  constants  fd  of  molecules  of  the  type  XY^  shows  that 
this  approximation  is  fully  Justified.  Basing  upon  this  estimate  a  value 
of  u»e  «  1000  +  100  cm-"'  was  used  in  the  present  handbook. 

In  the  first  edition  of  the  handbook  [420],  on  the  basis  of  a 
graphical  estimation  for  NF,  the  following  values  were  accepted:  BQ  = 

*  1.257  cm-1  (rN_p  *  1.29  A)  and  »e  *  1200  cm-1.  We  see  that  in  the 
given  case  a  graphical  estimation  yields  inaccurate  results.  In  addi¬ 
tion  to  this,  we  must  note  that  a  calculation  according  to  the  semi- 
empirical  relation  (1.41),  suggested  by  Guggenheimer  [1880]  (with 
rN-F  “  1,it0  A),  speaks  in  favor  of  a  value  of  wg  *  3200  cm-1.  But  an 
estimation  with  the  help  of  Guggenheimer ’ s  rule  may  yield  a  very  great 
error . 

In  analogy  with  the  Isoelectronic  molecule  0g»  the  electron  ground 
state  of  the  NF  molecule  Is  of  the  type  JZ. 

The  adopted  values  of  the  molecular  constants  of  NF  are  given  in 
Table  99. 

NS.  In  1932,  Fowler  and  Bekker  [15853  discovered  two  band  systems 


in  the  spectrum  of  a  discharge  in  sulfur  vapor  with  an  admixture  of  ni¬ 
trogen,  which,  as  to  their  structure  and  positions,  reminded  them  of 

the  y  and  B  systems  of  NO.  The  new  systems  were  attributed  to  the 
2  2  2  2 

transitions  £  —  H  and  n  -  n  in  the  NS  molecule  and  the  lower  state 
of  the  two  systems  was  identified  with  the  molecule's  ground  state  for 
which  the  following  vibrational  constants  were  determined:  u>e  =  1220 
and  u  x  *  7-5  cm-1.  An  analysis  of  the  rotational  structure  of  the 

V  V 

bands  is  not  contained  in  the  paper  of  Fowler  and  Bekker. 

In  1951*  Zeeman  [^3753  investigated  the  fine  structure  of  the 

2  2 

bands  0-0  and  0-1  of  the  system  £  —  n  in  the  NS  emission  spectrum 

with  the  help  of  an  apparatus  of  high  dispersion,  and  he  determined 

the  rotational  constants  of  both  states  and  the  coupling  constant  A 

2 

of  the  lower  state  nr.  Zeeman,  just  as  Fowler  and  Bekker,  assumed 

that  this  state  is  the  electron  ground  state  of  NS.  This  assumption 

was  finally  verified  by  Barrow,  Downie  and  Laird  [653]  who  investigated 
2  2 

the  system  £  —  n  in  the  absorption  spectrum.  The  rotational  con- 

2  2 

stanfcs  of  the  states  X  n  and  £  obtained  in  paper  [653]  are  in  good 

agreement  with  the  data  obtained  by  Zeeman  [^375].  In  addition  to  this, 

as  a  result  of  a  partial  anal; 'is  of  the  bands  2-0,  1-0,  0-0  and  0-1 

of  the  B  system  of  NS,  Barrow,  Downie  and  Laird  [553]  showed  that  this 

2  2  2  2 

system  belongs  to  the  transition  A  -  n  and  not  to  Jl  —  n  as  this 
had  been  proposed  by  Fowler  and  Bekker  [1585]  and  Zeeman  [4375] .  This 
relationship  was  later  verified  by  Barrow,  Drummond  and  Zeeman  [655] 
who  analyzed  the  entire  rotational  structure  of  the  bands  of  the  3  sys¬ 
tem  of  NS  from  spectrograms  previously  obtained  by  Zeeman  [**375]  •  Bar- 

row,  Drummond  and  Zeeman  [655]  discovered  another  band  system,  per- 

2  2 

taining  to  NS,  and  attributed  it  to  the  transition  II  -  n.  Taking  the 
results  of  previous  papers  [1585,  4375,  653]  into  account,  Barrow, 
Drummond  and  Zeeman  [655]  compiled  a  table  of  the  molecular  constants 


for  all  electron  states  of  NS  known  at  present.  These  constants  are 
accepted  in  our  handbook  and  are  given  in  Table  99. 

N^.  The  assumption  of  the  existence  of  an  N^  molecule  is  rather 
old  (cf.[2917]>  but  a  more  or  less  unambiguous  identification  of  th£ 
infrared  spectrum  of  this  molecule  was  achieved  only  in  1956  [2917* 

711].  According  to  Walsh  [4l40],  the  molecule  must  be  linear  and 
symmetrical.  In  this  case,  in  the  infrared  spectrum  only  two  frequen¬ 
cies  v2  and  v_,  are  active  while  the  frequency  appears  only  in  the 
Raman  spectrum. 

With  the  help  of  the  method  of  separating  the  products  of  a  dis¬ 
charge  in  N2  and  the  products  of  an  HN^  photolysis  in  an  inert  gas  ma¬ 
trix  at  low  temperatures,  Milligan,  Brown  and  Pimentel  [2917]  and  also 
Bekker,  Pimentel  and  Thiel  [711]  obtained  a  series  of  absorption  bands, 
among  which  the  2150-cm”1  band  was  attributed  to  the  antisymmetric  vi¬ 
bration  of  the  molecule. 

The  residual  frequencies  of  could  not  be  identified  unambigu¬ 
ously,  though  the  band  observed  in  the  range  of  737  cm-1  was  suggested 
to  be  attributed  to  the  doubly  degenerated  deformation  vibration  v2  [2917] • 
As  there  are  no  other  more  reliable  data  on  this  value.  It  was  adopted 
in  the  present  handbook. 

The  frequency  of  the  symmetric  valence  vibration  of  N^,  which 
does  not  appear  in  the  infrared  spectrum,  was  evaluated  by  the  authors 
of  the  handbook  on  the  basis  of  the  well-known  value  of  the  frequency 
v,,  assuming  that  f^d  *  0.12  f^  which  holds  true  for  ail  azides  inves¬ 
tigated  [1849].  Thus,  from  Eq.  (F4.31),  we  calculated  *  1400  cm”1. 

The  values  chosen  for  the  fundamental  frequencies  of  N^  are  given 
in  Table  100;  the  possible  errors  amount  to  +10 S  with  and  v2  and 
+5*  with  Vj.  In  the  same  table,  w°  r’ind  the  value  of  the  moment  of  in¬ 
ertia  of  Ng,  calculated  with  rN_N  =  x.15  A  (mean  of  all  azides  studied 


[1849*  1507])*  The  possible  eeror  of  the  chosen  value  of  r^_N  lies 
within  the  limits  of  +0.05  A. 

TABLE  100 

"  Accepted  Values  of  the  Molecular  Constants  of  N-  in  the  Electron 
Ground  State 


*1 

H<>) 

*»  * 

/ 

»» 

• 

1  - 

*•**  k  •  cmy 

- n 

MOO 

■  *  i  ,  ** 

r~ : - 

.  »  .  . 

2150 

. .  .  .  .  . 
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In  the  photolysis  of  hydrazoie  acid.  Thrush  [3988]  observed  a 
series  of  diffuse  bands  In  the  range  of  2670-2730  A  which  he  attributed 

to  a  transition  in  the  molecule  ana.,  in  analogy  with  the  isoelec- 

+  2 

tronic  molecule  C02,  he  assumed  that  the  molecule  must  have  a  ng 

electron  ground  state. 

NOg.  In  the  electron  ground  state  the  N02  molecule  is  a  nonlinear 
symmetrical  molecule  (point  group  C2v>  and  belongs  to  the  type  of 
asymmetrical  rotators.*  All  three  nondegenerate  fundamental  frequencies 
of  N02  appear  in  the  Raman  spectrum  and  in  the  infrared  spectrum.  But 
owing  to  the  strong  absorption  In  the  visible  and  ultraviolet  ranges 
the  Raman  spectrum  of  N02  cannot  be  observed.  Investigations  of  the 
infrared  and  ultraviolet  spectra  of  N02  carried  out  until  1940  are  re¬ 
viewed  In  Herzberg’s  monograph  [152]  where  the  following  values  are 
recommended  for  the  valut  ;  of  the  fundamental  frequencies:  =  1320, 

\>2  =  648  and  *  1621  cm”1.  In  the  first  investigations  of  the  N02 
spectrum  devices  with  low  dispersion  were  used  with  which  it  was  impos¬ 
sible  to  resolve  the  rotational  structure  and  determine  the  zero  lines 
of  the  infrared  bands.  Moreover,  the  band  was  not  observed  because 
of  its  weak  Intensity  in  the  infrared  spectrum,  and  the  value  of  1320 
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cm”1  was  chosen  by  Hersberg  on  the  basis  of  results  of  investigating 
the  ultraviolet  spectrum  [1958].  In  1949,  Wilson  and  Badger  [4296],  in¬ 
vestigating  the  NOg  spectrum  in  the  range  400-6700  cm”1  (1.5-25  u)  Kith 
a  prism  spectrograph,  recorded  for  the  first  time  a  weak  band  in  the 
range  of  1306  cm”1,  which  was  related  to  the  vibration,  and  also 
found  the  center  of  the  Vg  band  lying  in  the  range  of  755  cm”1.  Later 
on.  Brown  and  Wilson  [988]  who  also  used  a  prism  apparatus,  could  de¬ 
termine  a  more  precise  position  of  the  band  center  with  the  <ralue 

-l  * 

of  750.6  +0.3  cm  .  In  1953,  Moore  [2943]  investigated  nine  composite 

bands  of  N02  in  the  range  2900-7150  cm”1  (1.4-3. 4  y),  with  the  help  of 

a  spectrograph  with  a  grating,  permitting  a  resolution  of  the  order 

of  15,000.  Using  the  results  obtained  by  Brown  and  Wilson  [988]  for 

the  v2  band,  Moore  calculated  all  vibrational  frequencies  and  the  con- 

14 

stants  of  anharmonicity  of  the  molecule  N  0g.  In  1957,  Weston  [4222], 
studying  the  N  ''Og  spectrum  with  a  prism  Instrument,  calculated  the 
vibrational  constants  of  N^Og  and  also  improved  the  values  of  «2  and 

14 

x?2  for  the  N  02  molecule  compared  to  those  suggested  by  Moore  [2943], 

taking  into  consideration  the  new  and  more  accurate  data  of  the  v2  band 

obtained  by  Keller  and  Nielsen  [2349,  2350]  with  a  grating  spectrograph. 

14 

The  constants  recommended  by  Weston  for  N  02  have  the  following  values 
(in  cm”1):  »  1361.4,  «g  «  776.8,  *  1668.6,  x11  ■  —  7.1,  x 22  » 

*  —  7.5,  *  “  15*9,  *12  *  ~  16.0,  x ^  *  -  33*4,  Xg^  *  -  8.2.  These 

constants  correspond  to  the  following  values  of  the  fundamental  fre¬ 
quencies:  v1  *  1322.5,  v2  *  749.9  and  *  1616.0  cm”1.  Finally,  Niel¬ 
sen  and  coworkers  [2353*  3885]  again  measured  the  fine  structure  of 
the  v2  band  and  in  precisely  the  same  range  they  could  identify  new 
lines,  related  with  the  band  2vg  -  Vg.  Based  on  the  data  obtained,  a 
value  of  Xgg  »  -  0.6  cm”1  was  found  which  differs  essentially  from  the 
value  recommended  by  Moore  [2943]  and  Weston  [4222]. 
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It  is  a  serious  lack  of  the  papers  discussed  above  that  the  fine 
structure  of  the  and  Vg  bands  was  not  measured  accurately.  This  fact 
stimulated  Nielsen  and  coworkers  to  undertake  comprehensive  studies  of 

111  1C 

the  spectra  of  N  Og  and  N  ^Og  which  they  obtained  with  high  disper¬ 
sion  in  the  range  of  670-5900  cm-1  (1.7-15  u)  with  the  help  of  a  grating 
apparatus.  In  1958.  the  results  of  these  investigations  were  published 
in  a  paper  of  Arakawa  and  Nielsen  [5643.  With  N^Og  six  bands  of  the 
type  A(vg,  +  Vg,  2v^  +  v^,  3v^  +  Vg,  3Vg  and  +  3Vg)  and  four 
bands  of  the  type  BCv^,  Vg,  2vg  -  Vg  and  2vg  were  obtained.  By  "ray  of 
analyzing  the  rotational  structure  the  beginnings  of  the  bands  were  de¬ 
termined  and  the  vibrational  frequencies  and  the  constants  of  anharmoni- 
city  were  calculated;  these  values  are  accepted  In  the  present  hand¬ 
book  and  compiled  in  Table  101.  The  following  values  of  the  fundamental 
frequencies  corx*espond  to  these  values  of  the  vibrational  constants: 

»  1319.7,  Vg  *  749.8,  Vg  *  1617.75  cm-1.  The  quantity  v1  has  the 
greatest  error  (0.5  cm-1)  which  Is  due  to  the  strong  overlapping  of  the 
corresponding  bands  of  NOg  by  the  Intense  band  of  HgO.  It  must  also 
be  noted  that  the  quantity  x^g  was  calculated  in  paper  [564],  using 
the  results  of  measuring  the  ultraviolet  spectrum  of  NOg. 

Just  as  in  the  case  of  any  other  molecule  of  the  type  of  an  asym¬ 
metric  rotator,  it  is  a  very  cumbersome  task  to  calculate  the  rota¬ 
tional  constants  of  NOg.  But,  owing  to  the  fact  that  the  NOg  molecule 
approaches  to  a  symmetrical  rotator,  the  fine  structure  of  the  bands 
of  NOg  may  be  analyzed  under  the  assumption  that  It  is  indeed  a  sym¬ 
metrical  rotator.  Using  the  data  obtained  by  Brown  and  Wilson  [988], 
Moore  [2943]  found  for  N^Og  BQ  =  0.429  and  AQ  -  BQ  =  7.26  cm-1.  To 
these  values  correspond  those  of  r^_Q  =  1.188  A  and  ^0  —  N  —  0  = 

*  13404’.  As  a  result  of  a  more  complete  analysis  of  the  rotational 
structure  of  the  Infrared  bands  of  N^Og,  Arakawa  ana  Nielsen  [564] 
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obtained  BQ  -  0.423  and  AQ  -  EQ  =  7-58  cm  .  These  values  agree  better 

with  Bq  -  12648.6  +2.5  Me  (0.4219  +  0.0001  cm"1)  and  AQ  -  BQ  »  . 

»  227,020  +  40  Me  (7-5726  +  0.0013  cm-1)  found  by  Bird  [817,  8l8]  from 

14 

the  microwave  spectrum  of  N  Og.o  On  the  basis  of  measurements  of  the 
pure  rotation  spectrum  of  N^Og  [8193  a  value  of  AQ  -  BQ  »  7-573  cm-1 
was  obtained  which  is  also  in  very  good  agreement  with  the  results  of 
microwave  measurements. 

The  values  of  the  rotational  constants  of  the  ground  state  of 
14 

N  Og,  accepted  in  the  present  handbook  and  given  in  Table  101,  were 
calculated  from  data  of  Bird's  paper  [8l8].  These  constants  correspond 
to  rN_Q  *  1.197  A  and  ^0  —  N  —  *  134°15*  which  agrees  satisfactorily 
with  the  results  of  electron  diffraction  measurements  (rjj_Q  *  1.20  + 

+  0.02  A,  L0  —  N  —  -  132  +  1°  [11193,  rN_Q  =  1.20  A,  L0  -  N  —  0  * 

=  132°. 5  [3472]). 

As  a  result  of  fine-structure  measurements  with  several  bands  of 
N0o,  the  constants  of  centrifugal  distortion  were  obtained  in  a  series 
of  papers  [988,  2349,  2350,  2943,  819].  In  the  present  handbook  these 
constants  are  chosen  according  to  a  paper  of  Danti  and  Lord  [1260] 

(cf.  Table  101)  in  which  the  quantities  Dj,  DJK  and  DR  are  calculated 
TABLE  101 

Accepted  Values  (in  cm-1)  of  the  Molecular  Con¬ 
stants  of  n!4o9  (o  *  2)  in  the  Electron  Ground 
State  d 


C—otant 

Vahtf 

Co— tut 

VUM 

Const— t 

Vol — 

■  •  • 

•t 

1357,8 

-18,4 

4. 

0,4330 

.  •* 

758,8 

Mm 

-  9,7 

Cm 

0,4108 

1865,5 

*» 

-a.i 

Dj 

2,83.10-** 

Jta  * 

*  -o,o 

*u 

- 

*jk 

-1,8810-* 

■  *m 

-0,5 

-*f. 

7,8845 

2,41-10-* 

^*7  1 

a)  In  paper  [1260]  a  value  of  Dj  s  2 ,83 *10  f  cnT 
is  given,  which  seems  to  be  incorrect  (cf.  [564]). 


-  702  - 


on  the  basis  of  data  obtained  by  Cird  [818]  and  Arakawa  and  Nielsen 

C56H3- 

It  must  noted  that  Arakawa  and  Nielsen  [564]  succeeded  in  de¬ 
termining  the  values  of  three  (of  nine)  constants  of  vibration-rotation 
interaction:  a®  «  -  0.0028,  a®  *  -  0.0024  and  a 2  3  O.36  cm-1  (with 

huo2). 

The  electron  states  of  the  N02  molecule  are  analyzed  in  Walsh's 
review  article  [4l40]  which  also  contains  a  compilation  of  references 
as  to  investigations  of  the  ultraviolet  spectrum  of  N02.  According  to 

p 

Walsh,  the  electron  ground  state  of  N02  belongs  to  the  type  A1,  i.e., 
it  is  a  doublet.  The  first  excited  state  of  N02  has  a  low  excitation 
energy  and  the  bands  corresponding  to  transitions  between  the  ground 
state  and  the  first  excited  state  must  lie  in  the  near  infrared.  As 
the  result  of  investigating  the  electron  spectrum  of  N02  at  liquid- 
helium  temperatures,  pobinson,  McCarty  and  Keetly  L3461]  came  to  the 
conclusion  that  the  beginning  of  the  most  long-wave  electron  transi¬ 
tion  in  the  N02  spectrum  corresponds  to  the  band  of  8900  A.  Based  upon 
these  data  the  energy  of  the  first  excited  electron  state  of  N02  was 
chosen  in  our  handbook  as  equal  to  11,000  cm-1.  The  authors  of  paper 
[3461]  also  came  to  the  conclusion  that  in  the  wavelength  range  below 
6200  A  there  must  still  exist  at  least  two  band  systems  which  are  con¬ 
nected  with  other  excited  electron  states  of  N02.  One  and  the  same 
value,  namely  16,000  cm"1,  is  taken  as  the  excitation  energy  of  these 
states  and  used  in  the  present  handbook.  According  to  Walsh  [4l40], 
the  three  excited  states  of  N02  are  all  doublets.*  Electron  transi¬ 
tions  in  the  ultraviolet  range  are  connected  with  electron  states  with 
high  excitation  energies  and  these  states  are  therefore  not  considered 
in  the  present  handbook. 

N^O.  The  NgO  molecule  has  a  linear  nonsymmetrieal  structure  in 
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the  form  of  NNO  and  belongs  to  the  point  group  of  symmetry  C-v  The 
three  fundamental  vibrational  frequencies  of  this  molecule  are  active 
in  both  the  infrared  spectrum  and  the  Raman  spectrum,  the  deformation 
vibration  v2  is  doubly  degenerate. 

The  vibration-rotation  spectrum  of  N20  is  one  of  the  most  care¬ 
fully  studied  spectra  of  multiatomic  molecules,  its  analysis,  however, 
is  difficult  because  of  the  presence  of  a  Fermi  resonance  in  the  r- 
states  (p,  0°,  v^),  (p  -  1.2°,  v^),  (0,  2p°,  v^)  and  in  the 

n— states  (p ,  1  ,  v^ ) ,  (p  1,  3  v^ ) ,  *  *  *  *  ( 0,  2p  +  1  ,  v^ )  * 

On  the  baris  of  results  of  papers  published  up  to  1944,  the  vi¬ 
brational  frequencies  and  the  constants  of  anharmonicity  of  NgO  were 
calculated  in  Herzberg’s  monograph  [152].  Some  years  later,  in  1950, 

G.  HerzLfrg  and  L.  Herzberg  [2029],  on  the  basis  of  results  of  fine- 

structure  analyses  of  more  than  20  new  bands  of  N20  in  the  range  8000- 
—1 

14,000  cm”  ,  obtained  in  high  resolution,  calculated  new  values  of  the 
vibrational  constants  which  describe  a  little  better  both  the  older 
data  and  the  new  experimental  data. 

In  the  period  of  1950-1960,  the  infrared  spectrum  of  N20  was 
studied  by  many  authors.  A  detailed  review  on  the  results  of  investiga¬ 
tions  carried  out  until  1955  was  given  by  Grenier-Besson  [1856]  who 
tabulated  the  results  of  measurements  of  66  bands  of  NjO  on  the  basis 
of  own  papers  published  together  with  her  co-authors  [534,  535,  634] 
and  papers  of  other  authors  (G.  Herzberg  and  L.  Herzberg  [2029],  Plyler 
and  Barker  [3275]  Thompson  and  Williams  [3976],  Douglas  and  Moller 
[1377],  Taylor  [3950]).  These  data  which  were,  as  a  rule,  obtained  with 
an  accuracy  of  0.1-0. 2  cm”^  with  devices  of  high  resolution,  and  com¬ 
prise  a  great  number  of  vibrational  levels  with  quantum  numbers  of 
Vj^  <5,  v2  <  6,  t  ±  3  and  v^  <  6.  Among  the  measured  bands  we  find  the 
components  of  several  doublets  and  triplets  of  Fermi  resonance.  Based 
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on  this  great  experimental  material,  the  values  of  zero  frequencies, 
the  constants  of  anharmonicity  and  also  the  constants  of  Fermi  reson¬ 
ance  were  calculated  [1856,  1857,  537,  1858].  These  constants  are 
accepted  in  the  present  handbook  and  given  in  Table  102.  The  constant 
of  Fermi  resonance  was  also  determined  by  Nielsen  and  coworkers  [2544, 
3087,  339*0;  the  value  he  obtained,  k  -  42.3  +  3  cm"1  (W  =  29.9  +  2 
cm"1)  agrees  with  the  value  of  k  *  40  cm-1  (  W  =  28.3  cm"1),  recommend¬ 
ed  by  Grenier-Besson  [1856]  and  given  in  Table  102.  A  comparison  of 
the  frequencies  of  more  than  40  bands,  calculated  from  the  accepted 
constants,  with  those  measured  experimentally  [1856]  shows  that  the 
nonperturbsd  vibrational  levels  and  a  great  part  of  the  perturbed  le¬ 
vels  of  NjO  are  described  by  these  constants  with  an  error  of  +1  cm"1 
at  most.  Only  with  certain  doublet  or  triplet  components  of  Fermi  reson¬ 
ance  the  difference  between  the  calculated  and  the  measured  quantities 
exceeds  this  value.  This  may  be  explained  by  the  approximate  character 
of  considering  the  Fermi  resonance  and  also  by  a  possibly  Incorrect 
determination  of  the  frequencies  of  a  series  of  bands.  For  example,  a 
calculation  of  vQ  of  the  ll'^O  band  yields  a  value  of  1980.04  cm”1  which 
differs  essentially  from  the  value  of  vQ  *  1867. 5  cm"1  obtained  in  an 
old  paper  by  Plyler  and  Barker  [3275].  But  late;,  Plyler,  Tidwell  and 
Allen  [3286],  investigating  a  series  of  N20  bands  in  high  resolution, 
improved  the  value  s  of  Vq  for  several  hands  as  compared  to  the  values 
obtained  in  preceding  papers.  For  the  band  ll1©,  a  value  of  vQ  = 

*  1880.37  +0.04  cm"1  was  found  which  is  in  excellent  agreement  with 
the  value  calculated  from  the  accepted  constants.  Thus,  the  vibrational 
constants  accepted  for  the  NjO  molecule,  may  now  be  considered  as  most 
reliable,  although  it  must  be  pointed  out  that  these  constants  give  a 
less  good  description  of  the  vibrational  levels  of  N20  with  high  values 
of  vi  than  of  those  with  small  v^  This  is  caused  by  the  fact  that  the 
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constants  of  anharmonicity,  y^^,  are  not  available  and  that  the  per¬ 
turbations  of  higher  order  than  the  Fermi  resonance  have  been  neglected. 

After  the  review  article  of  Grenier-Besson  [1856],  besides  the 
paper  of  Ply3er,  Tidwell  and  Allen  [3286]  mentioned  above,  several 
other  papers  were  published,  devoted  to  investigations  of  the  infrared 
spectrum  of  N20  [2544,  3394,  3698,  1130].  In  these  papers  individual 
values  were  improved,  particularly  those  of  v^,  v2  and  a  series  of 
constants  of  anharmonicity  but  the  changes  are  either  insignificant  or, 
as  in  the  case  of  the  new  values  of  x22  and  x12,  obtained  in  the  paper 
of  Shearer,  Wiggins,  Guenther  and  Rank  [3698],  cannot  be  considered 
as  quite  reliable. 

The  rotational  structure  of  the  NgO  bands  was  studied  by  Thompson 
and  Williams  [3976],  Christensen  and  Thompson  [1102],  Douglas  and  Mil¬ 
ler  [1377],  Rao  and  Nielsen  [3394],  G.  Herzberg  and  L.  Herzberg  [2029]. 

The  calculation  of  the  rotational  constants  of  N,,0  Is  complicated 
by  the  presence  of  Fermi  resonance  and  ^-doubling.  More  precisely, 
these  difficulties  are  mainly  connected  with  the  calculation  of  «2. 
Different  authors  recommend  different  values  of  03:  -0.00022  [2029], 
-0.000258  and  0.000424  [3976],  -0.00042  [1102,  1377],  -  0.00056  [3394]. 
The  last  of  these  values  may  be  taken  as  the  most  accurate  one;  it  was 
calculated  by  Rao  and  Nielsen  [3394]  on  the  basis  of  results  of  measur¬ 
ing  the  0110  band,  obtained  by  Lakshmi,  Rao  and  Nielsen  [2544]  and  the 
constant  of  1 -doubling  In  this  band,  qQ10  *  0.000792  cm"1,  found  by 
Burrus  and  Gordy  [1032]  from  the  microwave  spectrum.  Measuring  the 
bands  10°0  and  02°0,  Rao  and  Nielsen  [3394]  also  calculated  the  value 
of  *  C. 00199  cm"1  which  Is  In  good  agreement  with  the  data  of  other 
authors  (0.00170  [2029,  1102],  0.00172  [1377],  0.00168  [3976]).  The 
value  of  *  0.00345  cm"1  is  chosen  in  our  handbook  from  data  obtained 
in  a  paper  of  Douglas  and  Miller  [13773-  Within  the  limits  of  0.00001 


cm”1  this  value  agrees  with  the  values  obtained  in  the  papers  of  other 
authors.  The  values  of  B000  *  0.41898  and  DQ  =  0.18«10-^  cm-1,  bor¬ 
rowed  from  the  paper  of  Douglas  and  Miller,  are  verified  by  the  results 
of  investigating  the  infrared  vibration-rotation  spectrum  [2029,  2544, 
3976*  3286,  3425],  the  pure  rotation  spectrum  in  the  infrared  [3167] 
and  In  the  microwave  range  [2260,  1032]  of  N20.  The  values  accepted  for 
the  rotational  constants  of  N20  are  given  in  Table  102.  The  values  of 
the  geometrical  parameters  of  NgO,  corresponding  to  the  constants  used, 
are  equal  to  rN_N  ■  1.1257  and  rN-Q  ■  1.1863  A. 

TABLE  102 

Accepted  Values  (in  cm”1)  of  the  Molecular  Constants  of  N20 
(a  *  1)  in  the  Electron  Ground  State 


Court  ant 

Vatu* 

Constant 

Value 

Constant 

Value 

Constant 

Value 

1300.43 

—  0,17 

-14.22 

«» 

0,00109 

■A 

905.42 

—15,10 

9 

28,3 

a* 

—0,00056 

•> 

2281,00 

xm 

.  0,52 

*■ 

0.52 

a* 

0.00345 

—5,21 

-27,98 

0,42114 

0. 

0,18*10-* 

The  electron  spectra  of  N20  in  the  ultraviolet  range  were  studied 
repeatedly  (cf.  reviews  of  Sponer  and  Teller  [3827]  and  Walsh  [4l40] 
and  the  original  investigations  [4385,  1841,  574],  etc.).  According  to 
the  results  of  these  investigations,  the  ground  state  of  N20  is  of  the 
type  ,  the  first  stable  excited  electron  state  has  the  energy  TQ  = 

=  59,520  cm”1.* 

NH2.  Among  the  great  many  experimental  and  theoretical  investiga¬ 
tions  of  the  NH2  spectrum  (see  the  review  articles  of  Ramsay  [3363] 
and  Proisy  [3333])  we  find  in  the  first  place  papers  of  exclusively  as- 
trophysical  Interest,  not  concerned  with  the  problems  of  determining 
molecular  constants.  Particularly,  the  complex  band  system  in  the  range 
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4000-8300  A,  observed  in  the  emission  spectrum  of  a  discharge  tube 
filled  with  ammonia  gas  (the  so-called  a-bands  of  ammonia)  and  attribu¬ 
ted  to  the  electron  spectrum  of  NHg  have  as  yet  not  been  identified. 

The  same  bands  appearing  in  the  absorption  spectrum  have  a  less  com¬ 
plex  structure  and  are  connected  with  the  lower  vibrational  level 
(0,  0,  0)  of  the  NK2  ground  state  so  that  they  may  only  be  used  to 
determine  the  structural  parameters  of  the  molecule. 

Herzberg  and  Ramsay  [2040,  2041,  3358,  3353,  3360,  3362,  3363], 
using  multichannel  bulbs  to  study  the  absorption  spectrum  in  pulsed 
photolysis  of  ammonia  and  hydrazine  in  the  visible  range,  obtained  a 

spectrum  which  was  attributed  to  an  electron  transition  in  NH2  in  which 
2 

the  lower  state  B  is  the  ground  state  of  the  molecule.  In  accordance 
with  the  results  of  a  theoretical  analysis  (Walsh  [4139])  it  was  found 
that  the  NH-,  molecule  in  the  electron  ground  state  is  nonlinear  and 
asymmetrical.  For  this  state,  the  rotational  constants  of  NH2,  calcu¬ 
lated  by  Ramsay  [3360,  3359,  3358,  3362]  from  the  combinatory  differ¬ 
ences  according  to  the  sum  rule  of  Mecke  [2831]  are  accepted  in  the 
present  handbook  and  given  in  Table  103.  According  to  these  constants, 
we  have  rN_H  *  1.024  A  and  —  N  —  H  =  103° ♦ 

In  the  last  time,  in  order  to  determine  the  fundamental  frequencies 
of  NH2,  it  was  tried  to  obtain  the  infrared  spectrum  of  this  molecule. 
For  this  purpose  Tanner  and  King  [3944]  investigated  the  absorption 
spectrum  of  the  products  of  pulsed  photolysis  of  hydrazine  in  the  3  u 
range.  Referring  the  3200-cm"*1  band  to  the  frequency  v.^  and  assuming 
3  3280  cm-1,  the  authors  of  paper  [3944]  calculated  v2  »  1060  cm"*1, 

using  the  values  of  the  force  constants  fd  *  5.74*10^  dyne«cra  and 
s  -l 

f  ■  0.31*10  dyne»cm  .  With  this  identification  of  the  frequencies. 
Tanner  and  King  took  into  account  the  evaluation  of  the  fundamental 
frequencies  of  the  NH2  molecule  carried  out  by  Herzberg  and  Ramsay 
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[2041]  in  the  approximation  of  the  field  of  valence  forces,  using  Eq. 
(P4.30)  for  the  angles  180,  150,  120  and  90°  and  the  values  of  fd  = 

«  6.0‘lCr  and  f  *  0.6*l(r  dyne*cm“  .  But  when  the  calculations  of  Hers- 

0L 

berg  and  Ramsay  were  checked  in  the  preparation  work  of  the  present 
TABLE  103 

Accepted  Values  (in  cm*"'1')  of  the  Molecular  Constants  of  NH„  (0  = 

-  2),  HNO  (o  *  1)  and  PNO  (0  »  1)  d 


Mole¬ 

cule 

State 

**«• 

H 

*» 

*• 

Atm 

£«• 

NH. 

X»A 

AMtiL 

0 

10250 

3380 

1400 

3440 

23,62 

12,94 

8.19 

HNO 

XM' 

AM' 

0 

13154,4 

3450 

1570 

1110 

18,47923 

1,41152 

1,30714 

FNO 

XM* 

0 

18(4,03 

765,85 

521  . 

3,17549 

0,395070 

0,350524 

handbook  (cf.  [476]),  it  was  shown  that  these  authors  have  obviously 
admitted  an  error  in  the  calculations,  thus  obtaining  values  of  v2 
that  were  ;oc  low  for  all  angles  (from  1038  for  90°  to  1075  cm-1  for 
180°). 

Moreover,  in  the  paper  of  Bekker,  Pimentel  and  Thiel  [711]  (cf. 
also  [3962a]),  devoted  to  an  investigation  of  the  infrared  absorption 
spectrum  of  the  intermediate  products  of  pulsed  photolysis  of  hydrazoic 
acid  HN^,  with  the  help  of  the  method  of  separation  in  the  matrix,  it 
was  suggested  to  relate  the  1290-cm**^  band  to  the  deformation  frequency 
v2  of  the  NH-,  molecule.  It  is  likewise  of  interest  to  note  that  the 
deformation  frequency  of  the  group  of  NH2  in  the  molecules  of  different 
amines  has  a  value  of  the  order  of  1300-1500  cm”'*'  and  is  never  smaller 
than  1300  cm-1  [4024a]. 

In  the  present  handbook,  the  values  of  the  fundamental  frequencies 
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of  NH2  were  calculated  from  Eqs.  ( F^* .  28)  on  the  basis  of  the  force 
constants  (in  10”^  dyne»cm-^)  f^  ■  6.45,  fd(j  «  0.0045,  f#  *  0.539  and 
f(ja  *  0.133,  assumed  to  equal  the  force  constants  of  NH^.  These  con¬ 
stants  were  in  their  turn  calculated  from  Eqs.  (P4.37)  on  the  basis  of 
the  fundamental  frequencies  of  NH^,  given  in  Table  106 .  When  calculat¬ 
ing  the  force  constants  of  NH^,  the  quantity  fd«  was  borrowed  from 
paper  [4087].  The  values  of  the  fur.^  jtmental  frequencies  of  NH2  obtained 
in  this  way  vary  within  the  limits  of  +40  cm-1  if  all  force  constants 
of  NHg  were  given  the  values  recommended  in  paper  [4087]. 

Taking  the  fact  into  account  that  the  values  of  the  fundamental 
frequencies  of  vibration  of  NH2,  obtained  experimentally  in  papers 
[711,  3944],  cannot  be  viewed  as  unambiguous,  the  frequency  values  ac¬ 
cepted  in  the  present  handbook  (cf.  Table  103)  were  calculated  by  means 
of  Eqs.  (P4.28).  The  possible  error  of  the  frequencies  accepted  amounts 
to  5-7*. 

O 

The  first  excite  electron  state  A1nu  of  the  NH2  molecule  with  an 

—1 

excitation  energy  of  20,250  cm  (cf.  Dressier  and  Ramsay  [1404])  is 
the  upper  state  of  the  electron  transition  in  NH2  investigated  in  the 
papers  of  Herzoerg  and  Ramsay  mentioned  above,  and  in  the  paper  of 
Robinson  and  McCarty  [3460]  who  used  the  method  of  separation  in  une 
matrix.  In  this  state,  which  has  the  statistical  weight  2,  the  NH2 
molecule  Is  linear. 

As  already  mentioned  above,  the  electron  ground  state  of  NH2  is 

p 

of  the  type  and  is  therefore  a  doublet  state. 

NPg.  In  literature  there  are  no  data  on  investigations  of  the  NF2 
spectrum.  The  constants  of  NPg  were  estimated  under  the  assumption  that 
this  molecule  is  nonlinear  and  symmetrical  (see  Walsh  [4139]),  analo¬ 
gous  to  the  NH2  molecule.  The  interatomic  distance  rN_p  “  1*37  A  and  the 
angle  between  the  bonds,  —  N  —  P  *  i00°,  was  estimated  with  the  help 


of  relevant  data  of  the  NF^  molecule,  taking  Into  account  the  changes 
of  the  analogous  data  of  the  molecules  of  NH2  and  NH^.  The  possible 
errors  of  the  estimated  values  do  not  exceed  +0.03  A  with  r^_p  and  +3° 
for  |F  -  N  -  F. 

The  fundamental  frequencies  of  the  NF2  molecule  were  calculated 
from  Eqs.  (P4.28),  when  preparing  the  present  handbook,  using  the 
force  constants  of  given  in  the  paper  of  Wilson  and  Polo  [4297]. 
Since  the  NF^  molecule  has  four  fundamental,  frequencies,  Wilson  and 
Polo,  in  order  to  obtain  the  potential  function  with  five  force  con¬ 
stants,  gave  different  values  of  the  constant  fd  and  proposed  four 
sets  of  force  constants  satisfying  the  values  of  the  fundamental  fre¬ 
quencies  of  NF^  they  had  found.  In  the  calculation  the  two  extreme 
sets  of  force  constants  were  used  (in  10“^  dyne-cm-1):  fd(4.28  and 
5.27),  fdd(*-*8  and  0.96),  fo(1.06  and  0.97)  and  fdo  (0.28  and  0.46). 

In  the  present  Handbook  we  used  the  mean  values  of  the  two  sets  r 
constants.  The  possible  errors  of  the  accepted  values  of  the  frequen¬ 
cies  do  not  exceed  10f.» 

In  Table  104  we  find  the  fundamental  frequencies  of  NF2  and  the 
products  of  the  principal  moments  of  inertia,  calculated  on  the  basis 

TABLE  104 

Accepted  Values  of  the  Molecu¬ 
lar  Constants  of  NF2  in  the 

Electron  Ground  State 


'4 

'H  j 

We 

• 

*  4 

•  • 

i 

~ 

EE 

no 

19, It 

* 

1)  cm  1;  2)  (g*cm2)^. 


of  the  geometrical  parameters  of  the  NF2  molecule**  estimated  above. 
Since  the  NF2  molecule  possesses  an  unpared  electron,  its  ground 
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state,  as  in  the  case  of  NH2,  must  be  a  doublet. 

HNO.  The  HNO  molecule  was  first  discovered  spectroscopically  in 
1957  by  Dalby  [1252,  12533  in  the  products  of  pulsed  photolysis  of  ni- 
tromethane,  nitroethane,  isoamyl  nitrate  and  a  mixture  of  ammonia  and 
nitric  acid.  The  absorption  spectrum  was  photographed  in  the  range  of 
6500-7700  A  with  a  grating  spectrograph  of  high  resolution  (about  0.1 
cm-1).  Three  bands  were  observed  with  a  rotational  structure  that  was 
characteristic  of  an  asymmetrical  rotator.  These  bands  (0,0, 0-0,0, 0; 
0,0, 1-0, 0,0  and  0,1, 0-0, 0,0)  were  attributed  to  the  electron  transition 
1A"-1A'  of  the  HNO  molecule.  On  the  basis  of  an  analysis  of  the  bands 
the  rotational  constants  were  calculated  for  the  upper  and  lower 
states,  and  also  the  frequencies  v2  and  of  the  upper  state  and  the 
quantity  vQq.  This  Interpretation  was  verified  by  an  analysis  of  the 
spectrum  of  the  isotope  molecule  DNO.  It  was  also  assumed  that  the  low¬ 
er  state  is  the  ground  state  of  HNO. 

Later  on  Brown  and  Pimentel  [986]  worked  with  the  method  of  sepa¬ 
ration  of  the  products  of  photolysis  of  nitromethane  and  methyl  nitrite 
in  an  argon  matrix  at  20°K  and  discovered  two  frequencies  (1570  and 
1110  cm-1)  in  the  infrared  spectrum,  which  they  Interpreted  as  the  fre¬ 
quencies  v2  and  of  the  HNO  ground  state.  In  paper  [986]  the  assump¬ 
tion  that  hee  molecule  has  a  curbed  structure  with  a  double  bond  be¬ 
tween  the  N  and  0  atoms  was  verified. 

Finally,  Cashion  and  Polanyi  [1070]  studied  the  emission  spectrum 
in  the  ranges  7150-16,700  cm-1  (0.6-1. 4  p)  and  2560-3700  cm-1  (2. 7-3- 9 
u)  which  appeared  as  a  result  of  the  reaction  H  +  NO;  they  obtained  for 
the  ground  state  *  3^50  +  30  cm-1,  thus  verifying  the  data  obtained 
previously  by  Brown  and  Pimentel  [986]  for  the  ground  state  and  Dalby 
[12533  for  the  excited  state. 

As  a  result  of  an  investigation  of  the  electron  spectrum  of  HNO 
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[1253]  the  excited  singlet  state  of  HNO  (vQq  =  13,15*1  cm-1)  was  discov¬ 
ered,  in  which  the  molecule,  just  as  in  the  ground  state,  is  nonlinear. 

The  fundamental  frequencies  of  vibration  of  the  HNO  molecule,  giv¬ 
en  in  Table  103,  were  chosen  in  the  present  Handbook  according  to  data 
of  Brown  and  Pimentel  [986]  (v2  and  v^)  and  Cashion  and  Polanyi  [1070] 
(v1)  for  the  ground  state  and  according  to  data  of  Dalby  [1253]  (v2  and 
v'3)  and  Cashion  and  Polanyi  [1070]  (v1)  for  the  excited  state.  We  may 
assume  that  the  error  in  the  determination  of  these  quantities  does  not 
exceed  *30  cm-1. 

The  rotational  constants  of  HNO  in  both  states  are  borrowed  from 
Dalby' s  paper  [1253]  where  they  have  been  determined  with  high  accuracy 
(of  the  order  of  *0.001  cm-1).  These  constants  correspond  to  the  fol¬ 
lowing  values  of  the  geometrical  parameters  of  the  HNO  molecule  in  the 
electron  ground  state  [1253]:  rN-0  =  1*2116,  r^_g  =  1.0628  A  and  AH-N- 
0  *  108c .58. 

FNO.  The  PNO  molecule,  analogous  to  the  HNO  molecule  (and  also 
C1N0  and  BrNO  [1028]),  has  a  nonlinear  structure  with  the  N  atom  at  the 
vertex  of  the  triangle. 

The  infrared  spectrum  of  this  molecule  was  first  investigated  in 
1950  by  Jones  and  Woltz  [2296]  in  the  range  of  260-7000  cm-1;  these  au¬ 
thors  observed  all  three  fundamental  frequencies  and  several  harmonics 
and  composite  frequencies.  Later  Woltz,  Jones  and  Nielsen  [*431**]  again 
measured  the  positions  of  a  series  of  bands  and  Magnuson  [2737],  using 
a  device  with  high  resolution,  improved  the  values  of  the  frequencies 
v^and  v 3 •  In  Table  103  we  find  the  values  of  the  fundamental  frequen¬ 
cies  of  vibration  of  the  PNO  molecule,  chosen  in  the  present  Handbook 
according  to  data  from  [*131*4 ,  2737]* 

The  rotational  structure  of  the  bands  and  was  investigated 
by  Magnuson  [2737]  and  interpreted  with  the  help  of  the  equation  for  a 
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nonrigid  symmetric  rotator.  In  paper  [2737]  the  values  of  the  rotation¬ 
al  constant  3,  of  the  constant  of  centrifugal  distortion,  D  =  10“^ 
cm-1,  and  the  constants  of  anharmonicity,  x^  *  -1.06  and  x12  *  1.02 
cm-1,  were  obtained.  Moreover,  in  preceding  commun  cations  of  the  same 
author  [2735,  2 736]  the  values  of  the  three  rotational  constants,  AQ00, 
Bqoq  and  cooo  were  determined  which  were  obtained  as  a  result  of  inves¬ 
tigating  the  microwave  spectrum  of  FNO.  These  values  are  accepted  in 
the  present  Handbook  and  given  in  Table  103 .  The  following  structural 
parameters  of  the  FNO  molecule  correspond  to  them:  rN_p  *  1.52,  rN»0  * 

■  1.13  A  and  ^F-N-0  =  110°. 2. 

NH^.  The  ammonia  molecule  has  the  form  of  a  regular  pyramid  with 
the  N  atom  at  the  vertex.  In  accordance  with  this  structure  the  NH^ 
molecule  belongs  to  the  point  group  C^v  and  has  four  fundamental  fre¬ 
quencies:  two  (v1  and  v2)  fully  symmetrical  and  two  (v^  and  v^)  doubly 
degenerate  ones.  The  four  fundamental  frequencies  of  NH^  are  all  active 
in  both  the  infrared  spectrum  and  the  Raman  spectrum.  But  ammonia  has  a 
very  complex  spectrum  which  is  difficult  to  interpret.  This  is  mainly 
due  to  the  inversion  of  line  doubling  which  is  caused  by  the  presence 
of  two  equilibrium  positions  of  the  N  atom  with  respect  to  the  plane  of 
the  hydrogen  atoms,  and  also  by  the  resonance  perturbation  caused  by 
the  similar  values  of  v1  and  2v^  and  also  v1  and  v^* 

The  basic  papers  on  investigations  of  the  NH^  spectrum,  published 
until  1956,  are  analyzed  in  Herzberg's  monograph  [152].  The  values  of 
the  fundamental  frequencies  of  NH^  (v^  *  3335*9  and  3337*5,  v2  »  931*58 
and  968.08,  *  3^14  and  *  1627. 5  cm"”*),  recommended  by  Herzberg, 

were  chosen  on  the  basis  of  data  obtained  by  Dennison  and  Hardy  [1315], 
Sheng,  Barker  and  Dennison  [3701],  Barker  [636],  etc.  In  paper  [152]  we 
also  find  a  table  of  the  frequency  values  of  a  series  of  composite 
bands  and  harmonics  of  ammonia,  determined  by  various  authors.  In  par- 


ticular,  this  table  contains  the  frequency  values  of  harmonics  of  vi¬ 
bration  v1  up  to  6v1> 

After  1945  the  ammonia  spectrum  was  studied  more  than  once.  In  a 
series  of  papers  [2711 ,  2951,  3265]  the  devices  used  had  a  low  resolv¬ 
ing  power  so  that  the  results  obtained  are  not  very  accurate.  The  re¬ 
sults  of  some  other  investigations  are  only  published  in  the  form  of 
preliminary  communications  [4318,  4319,  2337,  1924,  1925].  The  papers 
of  Cumming  and  Welsh  [1232,  1233],  in  which  a  value  of  *  3442.9  cm-1 
was  obtained,  are  of  great  importance. 

The  most  complete  and  systematic  investigation  of  the  vibration- 

rotation  spectrum  of  (and  also  ND^)  was  carried  through  in  the  past 

years  by  Benedict,  Plyler  and  Tidwell  [734,  739,  740,  740a]  (cf.  also 

[732,  733,  735])*  These  authors,  working  with  a  grating  instrument, 

with  a  resolution  of  0.1-0. 2  cm"1  and  analyzed  the  fine  structure 
of  a  great  number  of  bands  lying  in  the  range  investigated.  In  the 
present  Handbook  the  values  of  the  fundamental  frequencies  of  NH^ 
are  chosen  according  to  data  recommended  by  Benedict  and  Plyler 
[734.] .  The  values  of  given  in  Table  106  are  mean 

edict  and  Plyler  [734].  The  values  of  given  in  Table  106  are  mean 


TABLE  105 

Values  (in  cm  1)  of  GQ  (0,  v2»  0,0)  for  the  Electron  Ground 
State  of  the  NH^  Molecule 
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0* 

.  l* 

* 

2f 

* 

3* 

§.» 

0,1*1 

*a,9t 

MS, 32 

13*7.0 

18*2.10 

236.40 

2895.48 

values  of  the  two  components  of  inverted  doubling.  In  paper  [734]  some 
constants  of  anharmonicity  of  ammonia  were  also  calculated  (x^^,  x^, 
X14*  x34*  x12*  x23  x2ii) .  But  when  preparing  the  present  Handbook 


the  constants  of  anharmonicity  were  recalculated  [476]  where,  apart 
from  data  of  [734],  the  table  of  the  frequency  values  of  composite 
bands  and  harmonics  of  NH^,  contained  in  Herzberg’s  monograph  [152] 

(see  above).  As  a  result  of  this  calculation  the  constants  and 
were  obtained  and  the  value  of  the  constant  x^  was  considerably  im¬ 
proved;  the  other  quantities  were  obtained  in  virtual  agreement  with 
the  data  found  by  Benedict  and  Plyler  [734].  In  Table  106  the  values  of 
the  constants  of  anharmonicity  are  given  according  to  results  of  paper 
[476]. 

The  main  difficulty  in  the  determination  of  the  vibrational  con¬ 
stants  from  experimental  data  is  connected  with  the  description  of  vi¬ 
brational  levels  related  with  the  fully* symmetrical  vibration  v2.  The 
inverse  doubling  of  this  vibration  is  considerable  and  increases  rapid¬ 
ly  is  the  quantum  number  v2  grows.  In  Table  105  we  find  the  energy  val¬ 
ues  of  the  vibrational  levels  GQ  (0,  v2,  0,0),  found  by  Benedict,  Ply¬ 
ler  [734]  and  Garing,  Nielsen  and  Rao  [1653]  (for  GQ  (0,  2a,  0,0).  The 
lower  component  of  splitting  is  marked  with  an  s^  the  upper  component 
with  an  a. 

An  analysis  of  the  quantities  given  in  Table  105  shows  that  it  is 
impossible  to  calculate  the  constant  of  anharmonicity  x22  on  the  basis 
of  the  experimental  data  available.  It  is  obvious  that  the  usual  quad¬ 
ratic  expression  is  in  the  given  case  not  suitable  to  describe  the  en¬ 
ergies  of  the  vibrational  levels.  This  problem  is  connected  with  the 
exact  solution  of  the  wave  equation  for  a  potential  function  with  a 
second  minimum.  Manning  [2763],  with  the  help  of  an  expression  that  he 
found  for  this  potential,  achieved  a  numerical  solution  to  the  wave 
equation  on  the  basis  of  the  data  on  the  inverse  splitting  with  v2  £ 

<_  3s,  known  at  this  time,  which  essentially  agree  with  those  given  in 
Table  105.  On  the  basis  of  Manning’s  paper  the  quantity  GQ  (0,  v2,  0,0) 
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could  be  extrapolated  to  higher  values  of  but  the  value  of  GQ  (0, 

3a,  0,0)  ■  2840  cm”*1,  calculated  In  paper  [2763]  differs  considerably 
from  the  experimental  value  (cf.  Table  105)* 

The  calculation  of  the  constants  in  Manning‘s  equation  for  a  po¬ 
tential  with  a  second. minimum  is  extremely  complex  and  cumbersome  and 
the  limitedness  of  experimental  data  renders  it  unsuitable  to  recalcu¬ 
late  these  constants,  taking  the  changes  of  these  data  into  account.  In 
the  present  Handbook  it  was  assumed  according  to  Godnev's  paper  [156] 
that  the  components  of  inverse  doubling  of  the  harmonics  of  the  second 
fully  symmetrical  vibration  of  NH^,  beginning  with  v2  *  4,  have  equal 
intervals,  between  each  other  which  amount  to  v2/2,  i.c.,  475  cm-1.  Thus 
Gq  (0,  43,  0,0)  -  3370,  Gq  (0,  4a,  0,0)  *  3845  cm-1,  etc. 

Following  these  papers  of  Benedict,  Plyler  and  Tidwell,  results 
of  Investigations  of  the  vibration-rotation  spectrum  of  NH^  were  pub¬ 
lished  In  literature  by  Garlng,  Nielsen,  Rao  [1651,  1652,  1653],  Tsu- 
boi,  Shimanouchl  and  Mizushima  [4025]  and  Mould,  Price  and  Wilkinson 
[29603,  In  these  papers  It  was  mainly  the  range  of  700-1300  cm-1  of  the 
NH^  spectrum  that  was  investigated;  it  contains  the  v2  band.  The  molec¬ 
ular  constants  of  NH^  obtained  by  these  authors  from  an  analysis  of 
this  band  is  In  good  agreement  with  those  given  In  our  Handbook.  In  the 
paper  of  Garlng,  Nielsen  and  Rao  [1653]  the  bands  2v2  and  were  also 
analyzed.  The  value  of  for  2va2,  obtained  by  these  authors  and  ac¬ 
cepted  in  the  present  Handbook  (cf.  Table  105)  is  more  accurate  than 
that  given  in  literature  (1910  cm-1). 

The  rotational  constants,  the  constants  of  Interaction  of  rotation 
and  vibration  and  the  constants  of  centrifugal  distortion  of  NH^  are 
chosen  in  the  present  Handbook  according  to  data  of  Benedict  and  Plyler 
[734]  and  are  given  In  Table  106.  The  structural  parameters  of  NH^, 
corresponding  to  the  accepted  values  of  Bg000  and  Aoo00*  are  equal  t0 
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rN-H  *  1*0173  a  and  /.H-N-H  ■  107°. 78,  which  is  in  good  agreement  with 
the  data  obtained  by  the  method  of  electron  diffraction  (rN-H  *  1.015 
A,  ^H-N-H  *  106.6  *  106.6  *  4°.0  [518]).  The  rotational  constants  of 
NHg,  obtained  by  other  authors  from  examinations  of  the  pure  rotation 
spectrum  in  the  infrared  [2696]  and  in  the  microwave  range  (cf.,  e.g., 
[4011]),  the  Raman  spectrum  [12?3]  and  the  vibration- rotation  spectrum 
in  the  infrared  [1653,  2960,  4025]  are  in  good  agreer.  :nt  with  those 
given  in  the  present  Handbook. 

TABLE  106 

Accepted  Values  (in  cm-1)  of  the  Molecular  Con¬ 
stants  of  NH0  in  the  Electron  Ground  State  (o  * 

=  3)  3 


1)  Constant;  2)  Value. 


It  must  be  noted  that  a  great  number  of  papers  is  devoted  to  in¬ 
vestigations  of  the  rotational  structure  of  the  Inverse  spectrum  of  NH^ 
in  the  infrared  and  microwave  ranges,  but  the  effect  of  inverse  doub¬ 
ling  of  the  rotational  lines  is  unessential  for  the  present  Handbook. 
Many  references  as  to  investigations  of  the  inverse  spectrum  of  NH^  in 
the  microwave  range  may  be  found  in  the  books  by  Gordy,  Smith  and  Tram- 
barulo  [164]  and  Townes  and  Schawlow  [416,  4011]. 

The  electron  ground  state  of  the  NH^  molecule  Is  a  singlet.  It  is 


known  from  investigations  of  the  ultraviolet  spectrum  of  ammonia  (cf. 
review  of  Walsh  [4l43])  that  the  first  excited  electron  state  of  NH^ 
has  an  excitation  energy  of  46,157  *  30  cm-1.  This  value  has  been  veri¬ 
fied  by  Wash  and  Warshop  [4l46a]  in  a  paper  published  recently. 

NFy  The  NFg  molecule  belongs  to  the  point  group  of  symmetry  C^v 
and  has  the  structure  of  a  regular  pyramid  with  the  N  atom  at  the  ver¬ 
tex.  All  four  fundamental  frequencies  of  NF^,  two  of  them  (v^  and  v^) 
being  doubly  degenerate,  appear  in  both  the  infrared  spectrum  and  the 
Raman  spectrum. 

The  infrared  spectrum  of  NF^  in  the  gaseous  state  was  first  inves¬ 
tigated  by  Bailey,  Hale  and  Thompson  [6l8].  Thereafter  Wilson  and  Polo 
[4297]  again  studied  the  NF^  spectrum  and  arrived  at  results  quite  dif¬ 
ferent  from  the  data  obtained  by  Bailey,  Hale  and  Thompson  [6l8].  The 
interpretation  of  the  frequencies  of  NF^,  given  in  the  paper  of  Wilson 
and  Polo  [4297]  was  verified  by  Pace  and  Pierce  [3161]  who  measured 
anew  the  infrared  spectrum  of  gaseous  NF^  and  also  obtained  the  first 
Raman  spectrum  of  liquid  NF^.  The  satisfactory  agreement  of  the  Raman 
spectrum  with  the  infrared  spectrum  speaks  in  favor  of  the  correctness 
of  the  frequency  interpretation  in  the  paper..  [4297,  3161].  The  funda¬ 
mental  frequencies  according  to  data  of  Pace  and  Pierce  [3161]  differ 
but  slightly  (by  1-5  cm-1)  from  those  found  ty  Wilson  and  Pcl.o  [4297J* 
It  must  be  noted  that  in  the  paper  of  Pace  and  Pierce  the  sample  of  NF^ 
used  had  a  higher  degree  of  purity.  In  Table  107  we  therefore  chose  the 
values  of  fundamental  frequencies  of  the  NF^  molecule  according  to  Pace 
and  Pierce  [3161]. 

The  rotational  constants  of  the  NF^  molecule  were  determined  by 
Sheridan  and  Gordy  [3703]  on  the  basis  of  an  analysis  of  the  microwave 
spectrum.  These  values  are  accepted  in  the  present  Handbook  and  given 
in  Table  107 .  The  corresponding  values  of  the  geometrical  parameters 
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TABLE  107 

Accepted  values  (in  cm-1)  of  the  Molec¬ 
ular  Constants  of  NP^  (o  *  3)  in  the 

Electron  Ground  State 


Vi 

V* 

v^)I 

v«(2) 

1031 

642 

907 

497 

0,194934 

0,356278 

are  equal  to  rN_p  *  1.371  A  and  ^.F-N-F  =  102°. 9,  which,  within  the  lim¬ 
its  of  experimental  accuracy  agree  with  the  values  of  rN_p  =  1.37  * 

*  0.02  A  and  ^F-fl-F  =  102.5,  *  1°5'»  determined  by  Schomaker  and  Lu 
£3647]  using  the  electron  diffraction  method.  The  values  of  of  NF,, 
determined  on  the  basis  of  microwave  measurements  in  paper  £2260],  dif¬ 
fer  insignificantly  from  those  given  in  the  present  Handbook. 

In  the  hydrazine  molecule  which  consists  of  two  NH2  groups 
linked  by  an  N— N  bond,  a  damped  internal  rotation  occurs  around  this 
bond.  Penney  and  Sutherland  £3218],  on  the  basis  of  quantum  mechanical 
calculations j  showed  that  the  stable  configuration  of  is  such  a 

configuration  in  which  the  NH2  groups  are  turned  by  90°  with  respect  to 
one  another  (gauche  configuration).  The  authors  of  paper  £3218]  could 
also  show  that  the  cis  and  trans  configurations  of  the  molecule, 

just  as  in  the  case  of  hydrogen  peroxide  H202  (cf.  p.  207),  must  be  un¬ 
stable.  This  was  also  verified  by  tue  results  of  measurements  of  the 
dipole  moment  £341,  589],  investigations  of  the  rotational  structure  of 
one  of  the  b^nds  of  the  infrared  spectrum  £4351]  and  a  comparison  of 
she  frequencies  observed  In  the  infrared  spectrum  and  in  the  Raman 
spectrum. * 

The  molecule,  having  a  gauche  configuration,  pertains  to  the 

point  group  C2  and  must  have  12  nondegene rated  vibrational  frequencies 
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TABLE  10 3 

Accepted  Values  of  the  Molecular  Constants  of  Hydrazine 
in  the  Electron  Ground  State  (o  *  2)a 


1 
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.  1628 

V«P,  2-CM* 

*  1 

1,4597 

Q 

Potential  barrier  of  internal  rotation  VQ  ■  4850  cal/ 
/mole.  1)  Constant;  2)  value. 


appearing  in  both  the  infrared  spectrum  and  the  Raman  spectrum.  We  know 
a  great  number  of  papers  devoted  to  investigations  of  the  laman  spec¬ 
trum  in  solid  and  liquid  states  [2166,  2167,  2317,  1829,  4123,  3903] 
and  in  the.  infrared  spectrum  in  solid,  liquid  and  gaseous  states  [2254, 
1609,  1607,  263,  264,  4l23;  1735,  4351].  The  interpretation  of  the  fun¬ 
damental  frequencies  of  hydrazine,  given  by  the  various  authors  (cf., 
e.g. ,  [1607,  1735,  3667,  4350]),  are,  however,  unambiguous  in  many  re¬ 
spects.  In  the  present  Handbook  we  use  the  interpretation  of  Yamaguti 
[4350]  which  he  achieved  on  the  basis  of  his  own  analysis  of  the  normal 
vibrations  of  the  hydrazine  molecule.  The  values  of  the  fundamental 
frequencies  recommended  by  Yamaguchi  and  given  in  Table  108  were  chief¬ 
ly  obraxned  by  Giguere  and  Liu  [1735]  as  the  result  of  investigating 
the  infrared  spectrum  of  NgH^  in  the  gaseous,  solid  and  liquid  states 
in  the  range  of  750-6500  cm'’1. 

The  structural  parameters  of  the  NgH^  molecule  were  determined  on 
the  basis  of  electron  diffraction  measurements  [1739,  2952a]  and  in  in¬ 
vestigations  of  the  rotational  structure  of  the  infrared  spectrum 
[4351].*  In  paper  [2952a],  as  a  result  of  an  application  of  the  sector 
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method  and  the  analysis  of  the  diffraction  picture  with  a  microphotome¬ 


ter,  the  following  values  were  obtained:  *  1.449  1  0.004,  rM  H  ■ 

«  1.022  4 0.006  A  and  ^ N-N-H  *  112.0  *  1°.5.  Previously  Oiguere  and 


Schomaker  [1739]  had  obtained  rjj_w  *  1.47  4  0.02,  r„  „  *  1.04  *  0.06  A, 
/H-N-H  ■  102-114°  and  /N-N-H  ■  10b  4  8°.  On  tne  basis  of  investigations 
of  the  rotational  structure  of  the  fundamental  transition  of  the  tor¬ 
sional  vibration  v7,  Yamaguchi,  Ichishima,  Shimanouchi  and  Mizushiraa 
[4351]  obtained  A"  -  B"  «  3.981  4  0.004  and  B"  »  0.809  4  0.002  cm"1; 


hence  a  valuf  of  r„  „  ■  1.453  4  0.005  A  was  calculated  and  the  values 

N—N 

of  r„  „  *  1.020-1.025  A  and  /N-N-H  »  112-11205'  were  estimated.  The 

N-n  — 

same  authors  found  that  the  parameter  of  asymmetry  in  the  vibrational 
ground  state  of  must  be  smaller  than  10  3  and,  based  on  this  they 


suggested  a  value  of  90-95°  for  the  angle  <p  made  by  the  two  NH2  groups 


being  turned  with  respect  to  one  another. 


On  the  basis  of  the  values  of  the  rotational  constants  A"  —  B"  and 
6",  obtained  in  paper  [4351]  and  considering  the  results  of  electron 
diffraction  dies  of  Morino  et  al.  [2952a],  Yungman  and  Gurvich 
[476],  when  preparing  the  present  Handbook,  calculated  the  following 
values  op  the  structural  parameters  of  the  NgH^  molecule:  rN_jj  * 

*  1.4365,  rN  u  =  1.016  A,  ^ N-N-H  «  ^ H-N-H  »  109°28*l6"  (tetrahedral  an¬ 

gle)  and  <P  *  91°30'.  The  following  values  of  the  principal  moments  of 
inertia  correspond  to  these  values  of  the  structural  parameters  of 
N2h4:  Ift  »  3.470-10-39,  I3  «  3.450-10~39  and  Ic  »  0.5843-10”39  g-cm* 
which  are  similar  to  the  values  of  IA  *  (3*469  4  0.016 )*10~39  * 

*  (3-451  4  0.017) *10~39  and  Ic  *  (0.5843  4  0.0007) *10~39  g-cn.J,  calcu¬ 
lated  on  the  basis  of  results  of  measuring  the  rotational  structure  of 

the  Vj  band  [4351].  The  value  of  the  reduced  moment  of  inertia  was 

—40  2 

found  in  [476]  as  being  equal  to  Ipr  *  1.4597*10  g*cm  .  In  the  pre¬ 
sent  Handbook  we  chose  the  values  of  the  structural  parameters  and  the 
iaoments  of  inertia  of  NgH^,  calculated  in  paper  [4/6]  (cf.  Table  108).* 


Since  ii  the  molecule  a  damped  Internal  rotation  takes  place , 

it  is  necessary  also  to  know  the  magnitude  of  the  damping  potential. 

The  exact  form  of  the  potential  curve  of  the  internal  rotation  of  hy¬ 
drazine  is  unknown.  On  the  basis  of  theoretical  considerations,  Penney 
and  Sutherland  [3218]  assumed  that  this  curve,  as  in  the  case  of  H202, 
has  two  identical  minima  (cf.  curve  1  in  Pig.  8),  corresponding  to  the 
two  isomeric  gauch  configurations,  and  two  maxima,  one  of  which  (V^ 

*  6100  cal/mole)  corresponding  to  the  cis  configuration,  the  other 
(V2  *  4600  cal/mole)  to  the  transconfiguration. 

Owing  to  the  fact  that  there  are  no  reliable  data  on  the  form  of 
the  potential  barrier  of  N2Hjj,  it  can  be  assumed,  as  this  has  been  done 
in  the  case  of  H202  (cf.  p.  387) ,  that  the  potential  curve  of  internal 
rotation  has  a  simple  cosinusoidal  shape  with  two  minima  (nm  =  2)  (cf. 
curve  3  of  Pig.  8).  The  main  characteristic  feature  of  this  curve  is 
the  effective  height  of  the  potential  barrier,  VQ.  On  the  basis  of their 
own  estimations  of  the  torsional  vibration  frequency  *  36O  cm-1, 
Scott  et  al.  [3667]  obtained  VQ  »  2800  cal/mole.  This  value  was  veri¬ 
fied  by  a  theoretical  calculation  basea  on  an  electrostatic  model 
[2793*  2563].  Luft  [2672],  however  ,  assumes  that  the  potential  barrier 
of  internal  rotation  in  the  hydrazine  molecule  must  be  much  higher  than 
2800  cal/mole.  Because  of  the  absence  of  the  data  necessary  to  deter¬ 
mine  VQ,  Luft  does  not  give  a  reliable  value  of  this  quantity  and  as¬ 
sumes  that  6  <  V0  <  18  (VQ  in  kcal/mole). 

When  preparing  the  material  of  the  present  Handbook  the  value  of 
VQ  of  hydrazine  was  estimated  on  the  basis  of  a  comparison  of  the  val¬ 
ues  of  standard  entropy  of  a  perfect  gas  (s°2g8  15 obtained  experi¬ 
mentally  by  Scott  et  al.  [3667]  from  calorimetrical  measurements 
(56.97  4  0.30  cal/mole -deg),  and  calculated  in  the  approximation  of  the 
rigid-rotator  —  harmonic  oscillator  model  on  the  basis  of  the  accepted 
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values  of  the  vibrational  frequencies  and  the  moments  of  inertia  (cf. 
Table  108)  using  the  Tables  of  Pitzer  and  Gwinn  [32593  for  the  compo¬ 
nents  of  internal  rotation.  A  value  of  VQ  ■  4850  cal/mole  was  found  as 
the  results  of  this  estimation;  it  has  been  accepted  in  the  present 
Handbook  and  is  given  in  Table  108.  The  possible  error  in  the  accepted 
value  of  VQ  amounts  to  1500  cal/mole  and  is  chiefly  due  to  the  inaccu¬ 
racy  of  the  calorimetrical  determination  of  the  standard  entropy  of  hy¬ 
drazine.  It  must  be  mentioned  that  the  error  in  determining  VQ  which  is 
caused  by  the  fact  that  we  do  not  know  the  shape  of  the  potential  curve 
of  internal  rotation,  may  have  a  higher  value. 

The  molecule,  according  to  the  configuration  assumed  (point 

group  C^),  has  the  symmetry  number  a  *  2.  The  electron  ground  state  of 
is  a  singlet.  In  literature  there  are  no  data  on  the  excited  elec¬ 
tron  states  of  f^H^. 

552.  THE  THERMODYNAMIC  FUNCTIONS  OF  THE  GASES 

The  thermodynamic  functions  of  nitrogen  and  its  compounds  in  the 
gaseous  state,  considered  in  the  present  Handbook,  were  calculated  with 
the  constants  acceA  ted  in  the  preceding  section  and  given  in  Tables  91- 
109  of  Vol.  II  of  the  Handbook,  without  taking  intermole cular  interac¬ 
tion  into  account.  For  the  six  gases  N,  N+,  N2,  N2,  NO  and  NO+)  the 
thermodynamic  functions  were  calculated  up  to  20,000°K  and  for  the 
thirteen  gases  (Nj,  N02,  NjO,  NH,  NH2,  NH^,  NjH^,  HNO,  NF,  NF2,  NF^,  FNO 
and  NS)  up  to  6000°K.  The  differences  of  the  molecular  constants  of  the 
individual  isotope  modifications  were  neglected  in  the  calculations 
since  the  content  of  N^,  compared  to  N*1*,  is  negligibly  small  in  nat¬ 
ural  isotope  mixtures  (cf.  Appendix  1).  In  Table  402-405  of  Vol.  II  of 
the  Handbook  the  values  of  the  virial  coefficients  and  their  deriva¬ 
tives  with  respect  to  temperature  are  given  for  N2,  NO,  N20  and  NH^, 
which  permits  calculations  of  the  thermodynamic  functions  of  these  gas- 
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es  In  which  molecular  interaction  is  taken  into  account. 

N.  The  thermodynamic  functions  of  monatomic  nitrogen  N,  given  in 
Table  91  (II),  were  calculated  from  Eqs.  (II. 22)- (II. 23)  in  the  temper¬ 
ature  interval  of  293* 15-20, 000°K.  The  values  of  **e^  and  Sel  in  these 
equations  were  calculated  with  the  help  of  a  high-speed  electronic  com¬ 
puter  by  way  of  direct  sunmation  over  the  energy  levels  of  the  nitrogen 
atom,  accepted  in  the  present  Handbook  and  given  in  Table  89.  In  the 
calculation  of  the  statistical  sum  of  the  electron  states  their  finite 
number  was  taken  into  account,  in  accordance  with  a  method  described  in 
i6,  the  highest  value  of  the  principal  quantum  number,  nmqT,  being  de¬ 
termined  from  Eq.  (II. 18).  In  the  calculation  of  the  progressive  compo¬ 
nents  **pOSt  and  S°posfc  from  Eqs.  (II. 8)-(II. 9)  it  was  assumed  that 
A#  «  0.58490  and  Ag  *  5*55310  cal/g-atom*deg.  Details  of  the  calcula¬ 
tion  of  the  thermodynamic  functions  of  monatomic  nitrogen  at  5000  and 
15, 000° K  are  given  in  S6. 

The  errors  of  the  values  of  the  thermodynamic  functions  of  mona¬ 
tomic  nitrogen  calculated  in  this  way  are  at  temperatures  below  10,000° 
K  mainly  due  to  inaccuracies  of  the  fundamental  physical  constants  and 
do  not  exceed  0.002-0.003  cal/g-atom*deg,  as  regards  the  values  of  **T 
and  S°T.  At  higher  temperatures  those  errors  become  essential  which  are 
connected  with  the  application  of  an  approximation  method  in  order  to 

determine  n _ .  An  error  in  this  quantity  of  *1  (with  n  =  13)  causes 

max  max 

errors  in  the  values  of  **T,  equal  to  *0.02  and  *0.15  cal/g-atom- deg  at 
15,000  and  20,000°K,  respectively.* 

It  must  be  noted  that  the  error  In  the  values  of  the  thermodynamic 
functions  caused  by  inaccurate  estimations  of  the  energies  of  the  indi¬ 
vidual  levels  is  smaller  than  these  v-'  :ues  by  orders  of  magnitude. 

The  thermodynamic  functions  of  monatomic  nitrogen  were  previously 
calculated  In  a  series  of  papers  among  which  we  must  mention  the  recent 
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calculations  of  Huff,  Gordon  and  Morrell  [2142 ]  up  to  6000°K,  of  the  US 
NBS  [3680]  up  to  5000°K,  Kolsky  et  al.  [2462]  up  to  8000°K,  Predvodi- 
telev,  Stupochenko,  Samuylov  et  al.  [336]  up  to  20,000°K  and  Martlnek 
[2792]  up  to  40,000°K.  The  results  of  all  these  calculations  from  8000 
to  10,000°K  agree  as  a  rule  with  the  data  given  in  Table  91  (II) ,  with 
errors  determined  by  the  differences  of  the  fundamental  physical  con¬ 
stants.*  Above  I0,000°K  the  energy  levels  of  the  N  atom  with  high  exci¬ 
tation  energies,  taken  into  account  in  the  present  Handbook  but  not  ob¬ 
served  in  experiments,,  contribute  essentially  to  the  values  of  the 
thermodynamic  functions.  This  explains  the  fact  that  the  values  of  the 
functions  of  N  given  in  Table  91  (II)  are,  beginning  with  these  temper¬ 
atures,  higher  than  the  values  calculated  by  Predvoditelev,  Stupochen¬ 
ko,  Samuylov  et  al.  [336]  and  Martlnek  [2792]  (in  paper  [336]  the  cal¬ 
culation  was  carried  through  with  the  help  of  Fermi’s  method,  without 
taking  the  nonobserved  electron  states  into  account,  while  in  paper 
[2792]  only  the  first  excited  states  2P  and  2D  of  the  nitrogen  atom 
were  considered  in  the  calculations).  The  corresponding  differences  in 
the  entropies  at  20,000°K  reach  5.2  and  6.4  cal/g-atom«deg. 

N*.  The  thermodynamic  functions  of  the  positive  ion  of  monatomic 
nitrogen  N+,  given  in  Table  90  (II)  were  calculated  from  Eqs.  (11.22)- 
(II. 23)  in  the  temperature  interval  of  293. 15-20, 000°K.  The  quantities 
**el  811(1  Sel  ln  these  equations  were  determined  by  direct  summation 
over  the  energy  levels  of  the  nitrogen  ion,  accepted  in  the  present 
Handbook  and  given  in  Table  90.  In  the  calculation  of  the  progressive 
components  *°p0st  and  ^°post  •from  Eqs.  (H*8)-(II.9)  it  was  assumed 
that,  as  in  the  case  of  N,  A,  »  0.58490  and  A«,  »  5.55310  cal/g-atom- 

9  o 

•deg. 

The  errors  of  the  values  of  the  thermodynamic  functions  of  the 
positive  nitrogen  ion  calculated  in  this  way  are  determined  by  the  in- 
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accuracy  of  the  fundamental  physical  constants,  the  neglection  of  the 
high  energy  levels  of  the  N+  Ion  and  the  approximate  character  of  the 
calculating  method  used.  With  1  <_  10,000°K  the  errors  In  the  values  of 
♦°T  and  S°T  do  not  exceed  *0.003-0.005  cal/g-atom*deg. 

The  thermodynamic  functions  of  N+  were  calculated  by  Predvoditel- 
ev,  Stupochenko,  Samuylov  et  al.  [336]  up  to  20,000°K,  by  Martinek 
[2792]  up  to  40,000°K  and  Green,  Poland  and  Margrave  [1851a]  up  to 
50,000°K.  The  results  of  the  calculations  in  [336,  1851a]  agree  satis¬ 
factorily  in  the  entire  temperature  integral  with  the  values  calculated 
in  the  present  Handbook.  The  values  of  the  entropy  of  N+,  given  in  Mar- 
tinek's  paper  [2792]  differ  from  the  values  given  in  Table  92  (II)  by 
0.15-0-30  cal/g-atom- deg  in  the  interval  of  10, 000-20, 000°K.  These  di¬ 
vergences  may  be  explained  by  an  error  in  the  calculations  of  [2792] 
since  a  checking  calculation  of  the  thermodynamic  functions,  using  the 
level  energies  of  N+  accepted  by  Martinek  [2792],  yielded  a  better 
agreement  with  the  data  obtained  in  the  present  Handbook. 

N2i  The  thermodynamic  functions  of  diatomic  nitrogen  N2,  given  in 
Table  93  (II)  were  calculated  from  Eqs.  (II.3*0-(II.35)  in  the  tempera¬ 
ture  interval  of  from  293. 15-20, C00°K.  The  values  of  and  T3 
in  these  equations  were  obtained  from  Eqs.  (II.131)-(II.132)  in  which 
the  values  of  In  E*  and  T3  In  E'/3T  were  calculated  with  the  help  of  a 
high-speed  electronic  couputer  by  direct  summation  over  the  vibrational 
and  rotational  levels  of  the  states  X1E+  ,  A^E+  and  B^U  .  The  level 

o  ^  o 

energy  values  were  obtained  from  the  corresponding  equations  with  the 

values  of  the  molecular  constants  of  N2  in  these  states  given  in  Table 

92.  The  v-dependence  of  Jfflax  in  each  state  is  shown  in  Pig.  12.  The 

3  +  3 

raultlplet  nature  of  the  states  A  E  and  BJn  is  taken  into  account  by 

w  o 

means  of  the  statistical  weights  3  and  6,  respectively,  in  the  expres¬ 
sions  of  the  statistical  sum,  though  the  data  given  in  Table  92  permit 
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a  more  accurate  calculation  on  the  basis  of  the  corresponding  constants 
of  multiplet  splitting.  The  error  due  to  this  simplification  is  negli- 

?  i.  O 

gibly  small  since  the  states  A^E  and  BJn  have  high  excitation  ener~ 
gies. 


Fig.  12.  J _  as  a  function  of  v 

for  the  electron  states  X^E*  , 

A^E+  and  B^n  of  the  N0  mole- 
u  g  2 

cule. 

The  contribution  of  the  residual  excited  states  of  (JAu,  Y“£  u, 
1—1  1  3 

a’  E  u,  a  ng,  w  Au  and  CJnu)  is  taken  into  account  in  the  calculation 
of  the  thermodynamic  functions  by  means  of  second  terms  in  the  equa¬ 
tions  (II.131)-(II.132),  where  6  and  T36/8T  were  calculated  from  Eqs. 
(11.125)  and  (11.134)  on  the  basis  of  the  molecular  constants  given  in 
Table  92.  Since  the  vibrational  and  rotational  constants  of  N2  in  the 

o  y  i 

Au  state  are  unknown,  the  quantity  [(1  —  zx)/(l  -  zi)]*B  Q/B  Q  of  this 
state  was  assumed  to  be  equal  to  one.  An  analogous  approximation  was 
admitted  for  the  state  C  nu,  since  the  excitation  energy  of  this  state 
is  high  and  the  corresponding  contribution  to  the  value  of  6  is  sc 
small  that  the  difference  of  the  molecular  constants  of  N2  in  the 
ground  state  and  in  the  excited  states  is  insignificant.  In  the  calcu- 

5  4> 

lation  of  the  thermodynamic  functions  the  E  state  is  not  taken  into 


consideration  since  it  is  well  known  (cf.  p.  673)  that  this  state  has  a 
veryflat  potential  curve  and  its  contribution  to  the  statistical  sum 
over  the  states  is  therefore  negligibly  small.  The  electron  states  of 
Ng  whose  excitation  energies  do  not  exceed  90,000  cm-1  are  taken  into 
account  in  the  calculation.  Up  to  temperatures  of  the  order  of  15,000°K 
this  limitation  does  not  give  rise  to  considerable  errors;  at  higher 
jperatures  the  error  becomes  noticeable  and  amounts  to  0.2  cal/mole* 
•deg  with  the  values  of  S02Q  00q.  It  has  been  found  to  be  not  expedient 
to  include  electron  states  with  excitation  energies  higher  them  90,000 
cm”1  in  the  calculations  because  of  the  indeterminacy  of  the  values  of 
the  statistical  weight  of  these  states. 

In  the  calculation  of  the  progressive  components  ®°post  and  s°post 
from  Eqs.  (II. 8)  and  (II. 9)  it  was  assumed  that  A+  *  1.2736  and  Ag  = 

*  6.2418  cal/mole* deg. 

Owing  to  the  accuracy  of  the  initial  molecular  constants  of  N2  it 
can  be  assumed  that  the  total  error  of  the  thermodynamic  functions  with 
T  <  10, 000-12, 000°K  is  mainly  due  to  the  inaccuracy  of  the  basic  physi¬ 
cal  constants  and  does  not  exceed  *0.005-0.01  cal/mole -deg.  At  higher 
temperatures  the  errors  in  determining  the  number  and  energies  of  the 
vibrational  and  rotational  levels  of  the  various  states,  the  neglection 
of  the  electron  states  with  high  excitation  energies  and  also  the  error 
in  estimating  the  amount  of  the  excitation  energy  of  the  Au  state  (cf. 
p.  673)  increase  the  errors  of  the*  values  of  up  to  about  *0.1  cal/ 
/mole«deg  at  20,000°K. 

The  thermodynamic  functions  of  N2  were  previously  calculated  sev¬ 
eral  times.  In  almost  all  handbooks  [368c,  2142,  3426,  3507]  the  tables 
compiled  by  Wagman  et  al.  [4122]  for  temperatures  up  to  5000°K  are  used 
as  bases.  These  tables  were  obtained  as  the  result  of  a  recalculation 
of  the  thermodynamic  functions  of  N2,  calculated  by  Johnston  and  Davis 
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[227*]  and  Giauque  and  Clayton  [17133  with  the  method  of  direct  summa¬ 
tion,  a  recalculation  in  which  the  new  values  of  the  physical  constants 
were  used.  The  differences  between  the  data  given  in  Table  93  (II)  and 
those  of  the  handbooks  mentioned  above  are  insignificant,  except  for 
the  values  of  the  entropy  at  temperatures  of  the  order  of  i»000°K  and 
more.  This  is  the  region  where,  obviously,  the  consideration  of  the 
limitation  of  the  levels  and  the  introduction  of  second  and  third  con¬ 
stants  of  anharmonicity  in  the  equation  of  Gg(v)  of  the  state  X1!*,  ac- 
cepted  in  the  present  Handbook,  becomes  effective.  In  spite  of  this  the 
divergence  remains  small  ani  does  not  exceed  0.009  cal/mole^deg.  The 
calculation  of  the  thermodynamic  functions  of  N2  according  to  Kassel’s 
method  (cf.  p.156)  was  carried  out  by  Goff  and  Gratch  [1786]  up  to 
2800°K  and  continued  up  to  5000°K  by  Hilsenrath  et  al.  [2076].  The  data 
of  Table  93  (II)  differ  at  all  temperatures  from  the  results  of  the 
calculations  of  Goff  and  Gratch  [1786]  and  Hilsenrath  et  al.  [2076]  by 
about  0.008  eal/mole*deg  which  Is  mainly  due  to  differences  in  the  val¬ 
ues  of  the  rotational  constants  used. 

In  the  book  of  Vukalovich  et  al.  [137]  we  find  a  table  of  the 
thermodynamic  functions  of  N2  in  the  Interval  0-3000° C,  calculated  with 
the  help  of  a  method  developed  by  the  authors  themselves  [137]*  These 
data  differ  from  the  date  of  our  Handbook  (in  the  case  of  the  entropy) 
by  an  amount  of  the  order  of  1  eal/mole^deg  in  the  entire  temperature 
Interval  which,  obviously,  indicates  the  presence  of  errors  in  the  cal¬ 
culations  of  [137]* 

In  the  past  years  several  calculations  of  the  thermodynamic  func¬ 
tions  of  N2  for  temperatures  higher  than  6000° X  have  been  published  in 
the  literature.  Doring  [1363]  calculated  the  functions  of  N2  up  to 
2.0,000°K  using  a  method  analogous  to  Kassel's  method  and  taking  four 
excited  electron  states  into  account.  The  molecular  constants  used  by 


Doring  [13633  are  already  obsolete  and  the  differences  between  the  data 
of  Table  93  (II'  and  the  values  calculated  by  Doring  with  T  <_  15,000°K 
amount  to  about  0.03-0.04  cal/mole • deg .  At  higher  temperatures  the  dif¬ 
ferences  Increase  rapidly,  reaching  1.45  cal/mole* deg  with  the  values 
of  S°2q  qqq.  These  great  divergences  may  be  explained  chiefly  by  the 
fact  that  in  DOring' a  paper  [1363]  the  summation  over  v  and  J  was  not 
limited. 

Pickett  end  Cowan  [1556]  calculated  the  thermodynamic  functions  -j. 
N2  up  to  12,000°K  by  means  of  an  approximation  method  (see  p.  320).  The 
greatest  difference  between  the  results  of  calculation  of  [1556]  and 
the  calculation  by  means  of  the  method  of  direct  summation  amounts  to 
0.025  cal/mole*deg  with  the  values  of  S°T  at  12,000°K. 

Predvoditelev,  Stupochenko,  Samuylov  et  al.  [336]  calculated  the 
thermodynamic  functions  of  N2  up  to  20,000°K  (see  p.  321).  a  comparison 
of  the  values  of  the  entropy,  calculated  in  paper  [336]  with  the  data 
given  in  Table  93  (II)  shows  that  at  20,000°K  there  are  virtually  no 
differences;  at  lower  temperatures  the  divergence  increases  (for  exam¬ 
ple,  at  12,000°K  it  amounts  to  0.3  cal/mole • deg ) . 

Beckett  and  Haar  [714]  calculated  the  thermodynamic  functions  of 
N2  up  to  25,000°K.  At  tenperatures  above  10,000°  the  divergence  of  the 
results  of  calculations  in  our  Handbook  and  the  calculations  of  Beckett 
and  Haar  increases  rapidly,  reaching  values  of  the  order  of  1  cal/mole* 
•deg  with  the  values  of  S°20  qQq,  which  is  caused  by  the  insufficient 
accuracy  of  the  method  applied  by  Beckett  and  Haar  (see  p.  321). 

Using  Past's  data  [1532]  in  order  to  nalcudate  the  statistical  sum 
with  respect  to  the  intramolecular  states  of  N2,  Martinek  [2792]  calcu¬ 
lated  the  thermodynamic  functions  of  nitrogen  in  the  interval  1000- 
12,000°K.  The  differences  between  the  results  of  calculation  in  [2792] 
and  those  in  the  present  Handbook  do  not  exceed  0.5  cal/mole* deg  in 
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this  tciupsr aturs  interval  •  ThSS€  dirrei'enues  arc  OduseQ  uy  tne  approju** 
mate  nature  of  Fast*?  calculation  [1532]  in  which  the  method  of  Mayer 
and  Goeppert-Mayer  has  been  applied  (see  p.  159). 

In  the  first  edition  of  the  Handbook  [420]  the  thermodynamic  func¬ 
tions  of  Ng  were  calculated  up  to  6000°K  according  to  the  method  of 
Gordon  and  Barnes  on  the  basis  of  constants  somewhat  different  from 
those  used  in  the  present  edition,  a  fact  that  gives  rise  to  differen¬ 
ces  which,  on  the  average,  amount  to  0.01  cal/mole * deg . 

N*2»  The  thermodynamic  functions  of  the  positive  ion  of  diatomic 
nitrogen,  N+2,  given  in  Table  94  (II),. were  calculated  from  Eqs. 

(II. 34)— (II. 35)  in  the  temperature  interval  298. 15-20, 000°K.  The  quan¬ 
tities  In  ^  and  T3  ln^n/3T  in  these  equations  were  determined  from 
the  relations  (II. 131'  11.132),  in  which  the  values  of  In  Z'  md 

T9  In  Z'/dT  were  calculated  with  a  high-speed  electronic  computer,  by- 
means  of  direct  summation  over  the  vibrational  and  rotational  energy 
levels  of  the  states  X2£+g,  A2Hu  and  B2E+u.  The  energy  values  of  the 
vibrational  levels  of  the  state  X2E+  (see  p.  676)  were  determined  by 

O 

means  of  two  equations  for  the  values  of  v  *  0-21  and  v  *  22-63.  The 

energy  values  of  the  rotational  levels  of  this  state  and  also  the  vi- 

2 

brational  and  rotational  l.vels  of  the  state  A  nu  were  obtained  from 

the  corresponding  equations  with  the  constants  given  in  Table  94.  When 

2  + 

calculating  Qj^  ^  and  T  -  3Qkol  yr./3T  for  the  B  E  u  state>  tiie  values 
of  Gq(v)  and  By,  given  in  Table  93*  were  substituted  immediately  into 
the  equations.  The  v-dependence  of  in  the  case  of  the  states 

X2E+g,  A2nu  and  B2E+U  is  shown  in  Fig.  13.  The  multiplet  nature  of  all 
three  states  was  taken  into  account  by  the  introduction  of  the  statis¬ 
tical  weights  2,  4  and  2,  respectively,  into  the  expression  of  the  sta¬ 
tistical  sum  over  the  states.  Owing  to  the  absence  of  data  on  the  val¬ 
ues  of  the  corresponding  constants,  it  is  not  possible  to  take  the  mul- 
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2  +  2  + 

tiplet  splitting  of  the  X  E  and  BE  states  better  into  account,  but 

© 

this  does  not  affect  the  accuracy  of  the  calculation.  In  the  case  of 
the  A  nu  state  it  is  not  suitable  tc  use  Eqs.  (1.25)  for  the  energy  of 

the  rotational  levels  since  the  corresponding  correction  to  the  values 

+  2  + 
of  the  N  2  functions  is  negligibly  small.  The  state  C  E  ,  having  an 

excitation  energy  higher  than  64,000  cm-1,  is  taken  into  account,  ne¬ 
glecting  the  differences  between  the  vibrational  and  rotational  con- 

2  +  2  + 

stants  of  the  states  X  E  and  Cl  . * 

g  u 

In  the  calculation  of  the  progressive  components  **post  and  Spost 
from  Eqs.  (II. 8)  and  (II. 9)  it  was  assumed  that,  just  as  in  the  case  of 
N0,  A*  *  1.2736  and  A  »  6.2418  cal/mole • deg . 

The  calculation  of  the  thermody¬ 
namic  functions  of  N+j  carried  out  in 
this  way  for  temperatures  below 
10, 000-12, 000°K  implies  an  error  not 
exceeding  *0.01  cal/mole* deg,  which  is 
mainly  due  to  an  Inaccuracy  of  the  ba¬ 
sic  physical  constants.  At  higher  tem¬ 
peratures  the  errors  of  the  functions 
is  higher  and  amounts  to  about  *0.1- 
0.2  cal/mole. deg  at  20,000°K.  This  is 
mainly  due  to  the  fact  that  the  N+2 
molecule  (analogous  to  the  isoelec- 
tronic  molecule  CN)  may  have  a  series 
->f  excited  electron  states  with  excitation  energies  of  about  60,000 
cm-1.  These  states  are  not  taken  into  account  In  the  calculation  of  the 
thermodynamic  functions  because  of  the  absence  of  the  corresponding  mo¬ 
lecular  constants. 

The  thermodynamic  functions  of  N+2  were  calculated  by  Beckett  and 


Pig.  13.  J  as  a  function 
max 

of  v  for  the  electron  states 
X2E+g,  A2nu  and  B2E+U  of  the 
N+2  molecule. 
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Haar  [71^]  (see  p.  321),  up  to  25,000°K.  The  results  of  the  calculation 
of  [714]  agree  satisfactorily  with  the  data  of  the  present  Handbook,  up 
to  10,000°Kj  at  higher  temperatures  the  divergence  increases  and  reach¬ 
es  0.7  cal/mole*deg  with  the  values  of  S°20  qqq. 

A  comparison  of  the  results  of  calculations  of  the  thex’modynamic 
functions  of  N+2,  given  in  Table  94  (II),  with  the  data  obtained  by 
Predvoditelev,  Stupochenko,  Samuylov  et  al.  [336],  shows  that  only 
above  10,000°K  the  divergence  becomes  noticeable,  reachin_  i  25  cal/ 


/mole ‘deg  with  the  value  of  S02Q  000 


Pig.  14.  J _ _  as  a  function  of 

max  2 

v  for  the  ele<  ’on  states  X*li 

—  1  +  r 
of  the  NO  molecule  and  X  E  of 

the  N0+  molecule. 


NO.  The  thermodynamic  functions 

of  nitrogen  oxide  NO,  given  in  Table 

96  (II),  were  calculated  from  Eqs. 

(II. 120)- (II. 121)  in  the  temperature 

interval  of  293- 15-20, 000eK  on  the 

basis  of  the  molecular  constants 

given  in  Table  97-  Ln  Qkol  vr  and 

T3Qkoi  VI/3T  for  the  ground  state 
2 

X  II  were  calculated  with  a  high- 
r 

speed  electronic  computer,  by  means 
of  a  direct  summation  over  the  lev¬ 


els  of  vlbrat-  ;al  and  rotational 


energies  up  to  vmaT  *  47  and  the 

values  of  J  x  were  calculated  for  each  vibrational  state  according  to 

the  method  described  on  p.  73.  Pig.  14  shows  «T  „  as  a  function  of  v. 

max  ~ 

The  energy  values  of  the  rotational  levels  were  calculated  from  Eq. 


(1.25).  The  vcJues  of  A**el  ar.d  ASgl  for  all  six  excited  electron 
states  of  NO  (A2E+,  B2 Hr,  C2nr,  D2  E+,  B'2^  and  E2E+),  having  excita¬ 
tion  energies  of  from  40,000  to  60,000  cnf"\  were  calculated  from  Eqs. 


(II. j.26)-(II,127).  The  quantities  and  ASgl  contribute  essentially 


to  the  values  of  the  thermodynamic  functions  at  temperatures  higher 
than  6000°K.  The  progressive  components  **post  and  S°post  were  calcu¬ 
lated  from  Eqs.  (II,8)-(II.9)  using  the  values  A^  =  2.8559  and  A*.  = 

■  7 .8241  cal/mole*deg. 

The  errors  of  the  thermodynamic  functions  of  NO  calculated  in  this 
way  amount  to  about  0.005-0.01  cal/mole.deg  at  temperatures  not  exceed¬ 
ing  6000-8000°K  and  are  mainly  due  to  inaccuracies  of  the  basic  physi¬ 
cal  constants.  At  higher  temperatures  the  error  increases  and  may  reach 
*0.1-0, 2  cal/mole.deg  for  the  value  of  **T  at  2Q,Q00°K.  This  is  ex¬ 
plained  by  the  approximate  character  of  considering  the  excited  elec¬ 
tron  states  arid  also  by  the  fact  that  at  high  temperatur?  .  the  inaccu¬ 
racy  of  extrapolating  the  upper  vibrational  and  rotational  levels  of 
the  ground  state  becomes  more  noticeable. 

The  first  table?  of  the  thermodynamic  functions  of  NO  were  com¬ 
piled  for  a  wide  temperature  interval  (up  to  5000°K)  by  Johnston  and 
Chapman  [2272]  in  1933  by  the  method  of  direct  summation  over  the  vi¬ 
brational  and  rotational  energy  levels.  This  table  was  accepted  without 
any  change  by  Zeise  [4384].  Moreover,  in  a  series  of  Handbooks  [2142, 
3426,  368c,  3507]  it  was  virtually  one  and  the  same  table  of  the  ther¬ 
modynamic  functions  of*  NO  that  was  published  until  present  times,  for 
temperatures  up  to  5000°K  (up  to  6000°K  in  [2142]),  with  reference  to 
unpublished  calculations  of  the  US  National  Bureau  of  Standards. 


At  low  temp  ratures  the  differences  between  the  results  o.f  these 
calculations  and  the  data  of  Tab’e  96  (II)  are  small  (a  few  thousandths 
of  one  cal/mole-deg  at  298.15°K).  These  differences  grow  as  the  temper¬ 
ature  rises,  reaching  values  of  the  order  of  0.1  cal/mole*deg  with  the 
values  nf  the  entropy  at  5000-6000°K. 

Since  in  the  paper  of  Johnston  and  Chapman  [2272]  detailed  infor¬ 
mation  is  gi^en  on  the  initial  constants  and  the  method  of  calculation. 
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it  is  possible  to  find  out  the  causes  of  these  differences.  The  main 
source  of  them  Is  the  difference  in  the  values  of  the  fundamental  phys¬ 
ical  constants  and  molecular  constants  used  in  the  calculations.  The 
correction  for  the  difference  of  the  physical  constants  was  calculated 
by  means  of  a  method  applied  in  paper  [4122]  of  Wagman  et  al.  The  cor¬ 
rections  for  the  differences  of  the  molecular  constants  are  first  of 
all  due  to  inaccuracies  of  the  rotational  constants  of  the  ground  state 
of  NO,  determined  by  Jenkins,  Barton  and  Mulliken  [2232]  and  used  by 
Johnston  and  Chapman  in  their  calculations.  This  causes  a  change  by 
0.02  cal/mole-deg  in  the  values  of  and  ST  which  is  independent  of 
the  temperature.  Moreover,  the  value  of  F^2  (°»  3/2)  —  P-jy2  l/2)  * 
=  129.55  cm-1  used  by  Johnston  and  Chapman,  could  be  improved  in  later 
raer.surements ;  in  the  present  Handbook  it  was  assumed  as  amounting  to 
125.07  c_t  1.  The  correction  for  this  difference,  which  must  be  made  in 
the  calculation,  is  essential  r.'dnly  at  low  temperatures  (about  0.015 
cal/mole-deg  at  298.15°K).  The  results  of  a  recalculation  of  the  data 


TABLE  109 

Values  (in  cal/mole-deg)  of  **T 
of  Nitrogen  Oxide  NO 


f.K 

1 

n»  Bwom era. 
iriTwwm 

Iff  f  »| 

H»  tonini- 

rite 
2  ."■» 

1  )li  n*a.  M(I1; 

3 

298,1$ 

42,90$ 

42.873 

42,877 

1000 

$1,878 

51,854 

51,857 

3000 

80,567 

80,540 

80,528 

5000 

84,888 

64,881 

84,836 

1)  After  Johnston  and  Cnapman 
[2272];  2)  after  Johnston  and 
Chapman  [2273  (recalculated); 

3)  from  Table  96  (II). 

of  Johnston  and  Chapman  and  a  comparison  with  the  data  of  the  present 
Handbook  may  be  found  in  Table  109-  Prom  the  data  given  in  this  table 


we  see  that  a  recalculation  at  temperatures  below  3000°K  yields  a  sat¬ 
isfactory  agreement  of  the  results  of  calculations.  At  higher  tempera¬ 
tures  the  differences  again  begin  to  grow  which,  obviously,  can  be  ex¬ 
plained  by  the  inaccuracy  of  the  rotational  constants  used  in  the  paper 
of  Johnston  and  Chapman.  The  limits  of  summation  over  J  seem  to  have  a 
weak  influence  on  the  calculating  results  in  the  range  of  temperatures 
considered,  but  it  is  possible  that  this  is  another  source  oferror  in 
paper  [2272]. 

The  values  of  the  thermodynamic  functions  of  NO  in  the  interval  0- 
3000°C,  given  in  the  book  by  Vukalovich  et  al.  [137],  are  in  satisfac¬ 
tory  agreement  (within  the  limits  of  0.03  cal/mole*deg,  ii  the  case  of 
the  entropy)  with  the  data  given  in  Table  96  (II). 

In  the  first  edition  of  the  Handbook  the  thermodynamic  functions 
of  NO  were  calculated  by  means  of  the  tabular  method  of  Gordon  and 
Barnes.  The  differences  between  the  calculating  results  of  the  first 
and  the  present  editions  of  the  Handbook  increase  systematically  with 
the  temperature  and  reach  0. 04'l  oal/mole*deg  with  the  values  of  <J>*T  and 
0.076  cal/mole-deg  with  the  value -■  of  S°,p  at  6000°K.  This  divergence  is 
mainly  explained  by  differences  in  the  initial  molecular  constants  and 
also  by  the  limitation  with  respect  to  J,  applied  In  the  calculations 
of  the  present  edition. 

Several  calculations  of  the  thermodynamic  functions  of  NO  also  ex¬ 
ist  for  high  temperatures .  Fickett  and  Cowan  [1556]  calculated  the 
thermodynamic  functions  of  NO  up  to  12,000°K  with  the  help  of  an  ap¬ 
proximation  method  (see  p.  320).  The  greatest  difference,  compared  with 
the  results  given  in  Table  96  (TI),  amount  to  0.28  cal/mole»deg  with 
the  value  of  S°12  In  the  calculation  of  Predvoditelev,  Stupochen- 

ko,  Samuylov  et  al.  [336],  for  NO  up  to  20,000°K,  the  values  obtained 
for  the  functions  differ  by  at  most  0.4  cai/mole«deg  at  20,Q00°K  from 
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che  data  of  the  present  Handbook.  The  thermodynamic  functions  of  NO, 
calculated  by  Beckett  and  Haar  [71*0  are  in  bad  agreement  with  the  val¬ 
ues  given  in  Table  96  (II).  At  temperatures  higher  than  1000°K  the  di¬ 
vergence  increases  rapidly,  reaching  a  value  of  the  order  of  1.4  cal/ 
/mole* deg  with  the  values  of  S°2q  qqq* 

NO*.  The  thermodynamic  functions  of  NO*,  the  positive  ion  of  ni¬ 
trogen  oxide,  given  in  Table  97  (II),  were  calculated  with  the  help  of 
Eqs.  (II. 120)- (II. 121)  in  the  temperature  interval  298. 15-20, 000°K  on 
the  basis  of  the  molecular  constants  given  in  Table  98.  The  valr^s  of 
In  Qkol  vr  and  Tdln  Qkol  vr/aT  for  fche  ground  state  X1!*  were  calcu¬ 
lated  with  a  high-speed  electronic  computer,  by  means  of  direct  summa¬ 
tion  over  the  vibrational  and  rotational  energy  levels,  given  by  the 
appropriate  equations  up  to  v_Q_  =  77  and  the  values  of  J  ,  calcu- 
lated  for  each  vibrational  state  by  means  of  the  method  described  on  p. 

73.  The  v-dependence  of  J  is  shown  in  Pig.  14.  The  values  of  a**  , 

max  “  i. 

+  3  3  +  3  1 

and  ASel  for  the  excitea  electron  states  of  NO  (an,  a'  E  ,  d  n,  A  n 

3  _ 

and  e  E  )  were  calculated  by  means  of  the  simplest  method  (Eqs. 

11.120)  and  (11.121))  since  the  molecular  constants  of  all  these 
states,  with  the  exception  of  the  A^n  state,  were  determined  with  the 
help  of  estimations  and  have  considerable  errors.  In  the  calculation  of 
the  progressive  components  from  Eqs.  (II. 8)- (II. 9)  it  has  been  assumed 
that  A#  =  2.8559  and  Ag  =  7*8241  cal/mole*deg,  as  in  the  case  of  NO. 

At  temperatures  below  6000-8000°K  the  errors  of  the  thermodynamic 
functions  calculated  in  this  way  are  caused  by  the  inaccuracies  of  the 
constants  of  NO*  ir  the  ground  state  and  of  the  basic  physical  con¬ 
stants;  they  amount  to  about  *0.01  cal/mole*deg.  At  higher  temperatures 
the  main  source  of  errors  is  the  error  in  the  values  of  the  excitation 

3  3  4-  3  3  _ 

energies  of  the  states  an,  a*  E  ,  dJn  and  eJE  .  The  total  error  of  the 
value  of  ♦•jq  qqq  is  of  the  order  of  *0.2  cal/mole*deg. 
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The  thermodynamic  functions  of  NO  were  calculated  by  Beckett  and 
Haar  [714]  up  to  25,000°K.  The  calculating  results  of  [714]  agree  well 
with  the  data  of  the  present  Handbook  up  to  10,000°K.  At  higher  temper¬ 
atures  the  divergence  increases  rapidly  and  amounts  to  about  2  cal/ 
/mole -deg  with  the  values  of  S°20  qq0  which  is  mainly  explained  by  the 
neglection  of  the  triplet  excited  states  of  N0+  in  the  calculations  of 
[714]. 

The  results  of  the  calculations  of  the  t he rmo dynamic  functions  of 
NO  ,  carried  out  by  Predvoditelev,  Stupochenko,  Samuylov  et  al.  [336] 
also  differ  considerably  from  the  data  of  the  present  Handbook  (maximum 
difference  2  cal/mole*deg  .  ith  the  values  of  S°2Q  0QQ) .  This  may  be  ex¬ 
plained  by  the  strongly  ir  :-curate  estimates  of  the  molecular  constants 
of  N0+  in  paper  [336]. 

NH.  The  thermodynamic  functions  of  the  imyl  NH,  given  in  Table  100 
(II),  were  calculated  from  Eqs.  (II. l6l)-(II.l62)  in  the  temperature 
interval  293*15-6000°K  on  the  basis  of  the  values  of  the  molecular  con¬ 
stants  of  NH  accepted  in  the  present  Handbook  (see  Table  99).  The  val¬ 
ues  of  In  I  and  T  8  In  I/3T  in  these  equations  were  calculated  with  the 
help  of  the  tabular  method  of  Gordon  and  Barnes  (Eqs.  (11.137)- 
(11.138)),  without  any  correlation  for  the  limitation  of  summation  over 
J;  the  values  of  In  A^  and  T 3  In  A^/ST  were  assumed  as  equal  to  zero 
and  the  multiplet  nature  of  the  ground  state  X^E~  of  the  NH  molecule 
was  taken  into  account  by  means  of  an  additional  term,  R  In  3,  in  the 
values  of  and  C^.  It  must  be  expected  that  the  error  caused  by  this 
approxir.  „ion  is  insignificant.  In  Table  110  we  find  the  values  of 
and  Cg,  calculated  from  Eqs.  (II.l63)-(II.l64),  0  and  x,  necessary  for 
the  calculation  of  the  components  of  the  harmonic  and  anharmonic  oscil¬ 
lators,  and  also  the  coefficients  of  Eqs.  (II.137)-(7I.138) . 

The  values  of  A**el  and  ASgj  for  the  excited  states  a  A,  b  n  and 
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A^n  of  the  NH  molecule  were  calculated  with  the  help  of  the  same  ap¬ 
proximation  method  (Eqs.  (II.120)-(II.121) ),  in  spite  cf  the  fact  that 
the  excitation  energies  of  these  states,  particularly  of  a^A,  are  com¬ 
paratively  low.  It  is,  however,  not  suitable  to  take  the  excited  elec¬ 
tron  states  into  account  more  accurately  since  the  value  accepted  for 
Tg  in  the  a1  A  state  is  very  inexact  (the  same  is  true  for  the  state 
b^n).  This  inaccuracy  may  occasion  an  error  of  up  to  0.01  cal/mole -deg 
in  the  values  of  **3000*  wh^c1'1  amounts  to  about  half  the  contribution 
of  all  electron  states  at  this  temperature.  The  state  c^n  is  not  taken 
into  account  since  up  to  6000°K  its  contribution  to  the  thermodynamic 
functions  of  NH  is  negligibly  small. 

It  may  be  expected  that  the  vibrational  constants,  given  in  Table 
99,  yield  an  inaccurate  descript  ioi  of  the  energy  levels  of  the  ground 
state  of  the  NH  molecule  near  the  dissociation  limit  since  the  value 
accepted  for  the  dissociation  energy  of  NH  is  lower  by  about  250  cm-1 
than  the  vaiue  obtained  by  linear  extrapolation.  The  corresponding  er¬ 
ror  in  the  values  of  **g000  amounts  to  °*0^  cal/mole . deg .  Correct!  .s 
for  the  limitation  of  an  upper  limit  of  summation  over  J  yield  values 
which  do  not  exceed  0.005  cal/mole. deg  for  the  quantity  **g(>00. 


TABLE  110 

Values  of  the  Constants  Used  to  Calculate  the  Thermodynamic 
Functions  of  NH,  NS  and  NF 


1 

»wm> 

• 

Pt-10* 

P.10* 

«, 

*r 

~r~ 

f.-w 

CJ 

2  tpmi 

•  * 

3 

3«wrf-*  * 

If  1 

NH 

NS 

NF 

*• 

(600,088 

1754,020 

1438,79 

84,038 

0,1581 

•  i 

3,9055 

0,7041 

17,35 

0,85 

0,0(257 

0,002130 

8,707 

2, on 

—0,8256 

-3,2966 

5,3073 

4,4712 

3.6589 

•12,2638 

11,4267 

1)  Substance;  2)  deg;  3)  deg  1;  *»)  cal/mole •  deg . 
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Taking  into  account  the  approximation  mentioned  above  and  the  in¬ 
accuracy  of  the  values  of  the  initial  constants,  the  values  of  <t«T 
have  errors  of  *0.02;  ±0.05  and  ±0.01  cal/mole.deg  at  298.15,  3000  and 
6000°K,  respectively. 

The  thermodynamic  functions  of  NH  were  previously  calculated  by 
Ward  and  Hussey  [4149]  in  the  temperature  interval  2000-5000°K,  in  the 
approximation  of  the  harmonic  oscillator  -  rigid  rotator  model.  The  di 
differences  between  the  results  of  the  calculation  in  [4149]  and  the 
data  given  in  Table  10  (II)  reach  0.85  cal/mole*deg  with  the  values  of 
S°5ooo  which  is  explained  by  the  approximate  character  of  the  calcula¬ 
tion  in  [4149]. 

The  table  of  the  thermodynamic  functions  of  NH  given  in  the  pre¬ 
sent  Handbook  Is  the  same  as  that  given  in  the  first  edition  of  the 
Handbook. 

NS.  The  thermodynamic  functions  of  sulfur  mononitride  NS,  given  in 
Table  109  (II)  were  calculated  from  Eqs.  (II.l6l)-(iI.l62)  in  the  tem¬ 
perature  interval  293.15-6000°K  on  the  basis  of  the  values  of  the  mo¬ 
lecular  constants  of  NS  accepted  In  the  present  Handbook  (see  Table 
99).  The  values  of  In  i  and  T  3  In  1/  T  in  these  equations  were  calcu¬ 
lated  by  means  of  the  tabular  method  of  Gordon  and  Barnes  (Eqs. 

(11.137) -(II*138)),  without  correction  for  the  limitation  of  summation 
over  J,  the  values  of  In  AM  and  T  3  In  AM/3T  were  determined  from  Eqs. 
(II.151)-(II.152),  since  the  NS  molecule  has  a  nr  ground  state,  the 
type  of  bond  in  it  pertaining  to  case  a  according  to  Hund  (A/B  5  2?0). 
In  Table  110  we  find  the  values  of  C#  and  Cg,  calculated  from  Eqs. 
(II.l63)-(II.l64) ,  e  and  x,  necessary  to  calculate  the  coi..ponents  of 
harmonic  and  anharrconic  oscillators,  and  also  the  coefficients  of  Eqs. 

(11. 137) - (II. 138) • 

The  excited  electron  states  of  NS  are  not  taken  into  account, 
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i.e.,  the  quantities  A4>#el  and  ASgl  were  considered  as  being  equal  to 
zero.  The  corresponding  error  is  negligibly  small  and  does  not  exceed 
0.002  cal/mole*deg  with  the  value  of  S°g000. 

The  errors  of  the  thermodynamic  functions  of  NS  calculated  in  this 
way  are  mainly  determined  by  the  accuracy  with  which  the  upper  vibra¬ 
tional  and  rotational  energy  levels  are  described  by  the  molecular  con¬ 
stants  accepted.  In  particular,  tho  dissociation  energy  of  NS,  calcu¬ 
lated  by  a  linear  extrapolation  of  the  vibrational  levels  of  the  ground 
state,  is  higher  by  8700  cm-' ^  than  the  value  of  Dq(NS)  accepted  in  the 
present  Handbook.  But  owi?  \  to  the  fact  that  the  dissociation  energy  of 
NS  is  comparatively  high  (higher  than  40,000  cm-1),  the  corresponding 
errors  do  not  exceed  0.02  cal/rcole*deg  with  the  value  of  ^*5000*  The 
total  error  of  the  values  of  4*^,  at  298.15,  3000  and  6000°K  amounts  to 
*0.005,  *0.01  and  *0.03  cal/mole*deg,  respectively. 

The  table  of  the  thermodynamic  functions  of  NS  given  in  the  pre¬ 
sent  Handbook  agrees  entirely  with  the  table  punished  in  the  first  edi¬ 
tion.  Other  calculations  of  the  thermodynamic  functions  of  NS  are  un¬ 
known  in  literature. 

NF.  The  thermodynamic  functions  of  nitrogen  monof luoride ,  given  in 
Table  105  (II),  were  calculated  from  Eqs.  (II.l6l)-(II.l62)  in  the  tem¬ 
perature  interval  293-15-6000°K  on  the  oasis  of  the  values  of  ue  and 
BQ,  given  in  Table  99.  The  calculation  was  made  in  the  approximation  of 
the  rigid  rotator  -  harmonic  oscillator  model  and  the  values  of  In  £ 

and  In  am  in  these  equations  were  therefore  assumed  as  vanishing.  In 

3  _ 

order  to  take  the  multiplet  nature  of  the  ground  state  XJ£  into  ac¬ 
count  in  calculating  and  Cg  from  Eqs.  (II.l63)-(H.  164) ,  it  was  as¬ 
sumed  that  pM  *  3.  The  values  of  and  Cg,  and  also  the  values  of  e  of 
NF  are  given  in  Table  110. 

Owing  to  the  fact  that  the  thermodynamic  functions  of  NF  were  cal- 
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the  accuracy  of  the  calcu?ated  functions  is  not  high,  and  only  because 
of  the  possible  errors  in  the  initial  constants  the  error  of  the  quan¬ 
tity  **3000  amount3  to  about  *0.3  cal/mole*deg.  Since  the  anharmonicity 
of  the  vibrations,  the  centrifugal  distortion  in  the  rotations  and  oth¬ 
er  effects  were  not  taken  into  account  in  these  calculations,  the  total 
error  in  the  values  of  *»T  amounts  to  approximately  *1.0,  *0.5  and  *1.0 
cal/ mole • deg  at  298.15,  3000  and  6000°K,  respectively. 

Previously  the  thermodynamic  functions  of  NP  were  calculated  in 
the  first  edition  of  the  Handbook.  The  difference  of  about  0.35  cd/ 
/mole* deg  in  the  values  of  $*,p  and  S0^,  between  the  data  of  the  present 
and  the  first  editions  is  due  to  the  differences  of  the  values  of  BQ 
used.  Other  calculations  of  the  thermodynamic  functions  of  NS  are  not 
known  in  literature. 

The  thermodynamic  functions  of  triatomic  nitrogen,  N^,  given 
in  Table  95  (II),  were  calculated  from  Eqo.  (II.24l)-(II.242)  in  the 
temperature  interval  293.15-6000°K  on  the  basis  of  the  values  of  the 
molecular  constants  of  accepted  in  the  present  HandbooK  (see  Table 
100).  The  calculation  was  made  in  the  approximation  of  the  rigid  rota¬ 
tor  —  harmonic  oscillator  model,  ignoring  the  excited  electron  states 
so  that  part  of  the  terras  in  Eqs.  (II.241)  and  (11.242)  was  taken  as 
equal  to  zero.  Table  111  gives  for  the  values  of  en,  corresponding 
to  the  values  accepted  for  the  fundamental  frequencies  of  this  mole¬ 
cule,  and  also  the  values  of  and  Cg,  calculated  from  Eqs.  (11.245)- 
(11.246).  Since  the  electron  ground  state  of  the  molecule  pertains 

p 

to  the  type  n,  p^  =  4  was  substituted  in  the  calculations  of  and 

C„. 

The  error  of  the  value  of  **3qqo»  due  tc  the  inaccuracies  of  the 
initial  constants,  amounts  to  about  0.7  cal/mole*deg.  The  total  error 


of  the  values  of  9>*,p  at  2y6.15,  3000  and  6000°K  reaches  *0.1,  *1.5  and 
*2.0  cal/mole*deg,  respectively. 

The  thermodynamic  functions  of  N^  have  been  published  for  the 
first  time. 

NH^,  HNO.  The  thermodynamic  functions  of  the  amine  NH2  and  the  cx- 
ide-imyl  HNO,  given  in  Tables  101  (II)  and  104  (II),  respectively,  were 
calculated  from  Equ.  (II.243)-(II.244)  in  the  temperature  interval 
293.15-6000°K  on  the  basis  of  the  values  of  the  molecular  constants  of 
NH2  and  HNO,  accepted  in  the  present  Handbook  (see  Table  103).  The  cal¬ 
culations  were  carried  out  in  the  approximation  of  the  rigid  rotator  — 
harmonic  oscillator  model  so  that  part  of  the  terms  in  Eqs.  (11.243)- 
(11.244)  were  taken  as  equal  to  zero.  For  NH2  and  HNO  Table  111  gives 
the  values  of  en,  corresponding  to  the  values  accepted  for  the  funda¬ 
mental  frequencies  of  the  molecules  considered,  and  also  the  values  of 
C* ^  and  C's,  calculated  from  Eqs.  (II.247)-(II,248).  When  calculating 
C* ^  and  C’s  for  NH2  It  was  assumed  that  pM  *  2  since  the  electron 
ground  state  of  this  molecule  is  a  doublet.  For  HNO  pM  *  1.  The  values 
of  and  ASei  for  both  gases  were  calculated  on  the  basis  of  Eqs. 

(II. 120)- (II. 121),  i.e.,  the  differences  between  the  values  of  the  vi¬ 
brational  and  rotational  constants  of  the  ground  state  and  the  excited 
state  were  neglected.  Taking  the  approximate  character  of  the  calcula¬ 
tion  of  thermodynamic  functions  into  consideration,  this  neglection  may 
be  viewed  as  justified. 

The  total  error  of  the  values  of  4**^  calculated  in  this  way  for 
the  temperatures  of  298. 15 >  3000  and  6000°K  amounts  for  NH2  to  *0.05, 
*0.8  and  *1.5  cal/mole*deg  and  for  HNO  to  *0.01,  *0.5  and  *1.2  cal/ 
/mole -deg,  respectively.  These  errors  are  mainly  due  to  *he  approximate 
character  of  the  calculations  and  moreover,  in  the  case  of  NH2,  to  the 
Inaccurate  values  of  the  fundamental  frequencies. 
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Other  calculations  of  the  thermodyr  :aic  functions  of  NH.,  and  HNO 
are  unknown  in  literature. 


TABLE  111 

Values  of  the  Consonants  Used  to  Calculate  the  Thermodynamic 
Functions  of  N3>  N02,  N20,  NH2,  HNO,  NF2,  NF^  and  FNO 


8* 

•«  «4 

_  1 

Ci  I 

*  c 

2014,31 

1080.30 

3083,40  - 

6,0790* 

13,034S*b 

no}—: 

iwa.» 

1018,86 

3373,12  — 

3,8328 

11,7818 

Hjy  d ‘ 

1852,18 

818,  m 

•  3242.86  - 

5.0036* 

lt,959t#b 

NH. 

4883,11 

3014,31 

4049,44  — 

—8,7368 

1,2123 

HNO 

'  4883,83 

3288,80 

1807,08  — 

-0,4994 

7,4497 

NF, 

1481,88 

762,556 

1388,83  — 

8,7782 

13,7283 

NF, 

1483,30 

823,303 

1301,86  718.078 

6,8687 

14,9178 

'  FNO 

3883,17 

1101,80 

748,610  — 

8.1874 

13,1368 

a)  Value  given  of  Cf.  b)  Value  given  of  Cg.  c)  X1  *  5.3116- 
•10-3,  X2  *  9.8078*10“3,  X3  *  9.6492.10-3.  d)  =  4.0472.10”3 
X2  *  C. 28882- 10-3,  X3  =  6.6994-lcT3. 


NFg  and  FNO.  The  thermodynamic  functions  of  nitrogen  difluoride 
NF2  and  nitrogen  oxifluoride  FNO,  given  in  Tables  106  (II)  and  108 
(II),  respectively,  were  calculated  from  Eqs.  (II.243)-(II.244)  in  the 
temperature  interval  293.15-600G°K,  based  on  the  values  of  the  molecu¬ 
lar  constants  of  N?2  and  FNO,  accepted  in  the  present  Handbook  (see 
Tables  103  and  104).  The  calculations  were  made  in  the  approximation  of 
the  rigid  rotator  -  harmonic  oscillator  model,  without  taking  excited 
electron  states  into  account  so  that  part  of  the  terms  In  Eqs. 
(II.243)-(II.244)  were  put  equal  to  zero.  In  Table  111,  for  NF2  and 
FNO,  the  values  are  given  of  8n,  corresponding  to  the  values  taken  for 
the  fundamental  frequencies  of  the  molecules  considered,  of  C*  and 
C’s,  calculated  from  Eqs.  (II.251)-(II.252^ .  In  the  calculation  of  C’$ 
and  C’s  for  NF2  it  was  assumed  that  pM  =  2,  since  the  electron  ground 
state  of  this  molecule  Is  a  doublet. 
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Tbs  total  error  of  the  calculated  values  of  ♦*j,  at  298.15*  3000 
and  6000° K  amounts  to  *0.2,  *1.4  and  *2.0  cal/mole*deg  with  NF2  and 
*0.01,  *0.7  und  *1.2  cal/mole*deg  for  PN0.  These  errors  are  caused  by 
the  approximate  character  of  the  calculations;  moreover,  in  the  case  of 
NF2,  by  the  inaccuracy  of  the  values  of  the  molecular  constants,  and  in 
the  case  of  PN0,  the  accuracy  is  influenced  by  the  neglection  of  an 
electron  state  which  is  not  observed  in  experiments  but,  analogous  to 
HNO,  must  have  a  low  excitation  energy. 

The  thermodynamic  functions  of  FN0  were  previously  calculated  by 
Stephenson  and  Jones  £3846]  up  to  1500°K,  with  the  same  molecular  con¬ 
stants  as  used  in  the  present  Handbook.  The  insignificant  deviations  of 
the  results  of  calculations  (about  0.03  cal/raole*deg)  which  are  inde¬ 
pendent  of  the  temperature ,  may  be  explained  by  the  fact  that  the  au¬ 
thors  of  £3846]  used  somewhat  obsolete  values  of  the  fundamental  physi¬ 
cal  constants. 

The  thermodynamic  functions  of  NF2  have  been  published  for  the 
first  time. 

NF^.  The  thermodynamic  functions  of  nitrogen  trifluoride,  NP^, 
given  in  Table  107  (II),  were  calculated  from  Eqs.  (II.243)-(II.244)  in 
the  tenperature  interval  293.15-6000°K,  based  on  the  values  of  the  mo¬ 
lecular  constants  of  NP^*  accepted  in  the  present  Handbook  (see  Table 
107).  The  calculation  was  carried  through  in  the  approximation  of  the 
rigid  rotator  —  harmonic  oscillator  model,  without  taking  excited  elec¬ 
tron  states  into  account  so  that  part  of  the  terms  of  Eqs.  (11.243)- 
(11.244)  were  taken  as  equal  to  zero.  Table  111  gives  for  NF^  the  val¬ 
ues  of  8n,  corresponding  to  the  accepted  values  of  the  fundamental  fre¬ 
quencies  of  this  molecule,  and  the  values  of  C't  nd  C's,  calculated 
from  Eqs.  (II.247)-(II.248). 

The  total  error  of  the  values  of  the  thermodynamic  functions  of 


calculated  in  this  way,  is  mainly  due  to  the  approximate  character 
of  the  calculation.  The  errors  of  the  values  of  at  the  temperatures 
of  298.15,  3000  an£6000°K  amount  to  *0.05,  *0.5  and  *1.5  cal/mole-deg, 
respectively. 

The  thermodynamic  functions  of  NF^  up  to  1500°K  were  previously 
calculated  by  Wilson  and  Polo  [42973}  the  results  of  this  calculation 
virtually  agree  with  the  data  given  in  Table  107  (II). 

NO^.  The  thermodynamic  functions  of  nitric  oxide,  N02,  given  in 
Table  98  (II),  were  calculated  from  Eqs.  (II.243MII.244)  in  the  tem¬ 
perature  interval  293*15-6000°K,  based  on  the  values  of  the  molecular 
constants  of  H02,  accepted  in  the  present  Handbook  (see  Table  101).  The 
values  of  R  In  E  and  R  [In  E  +  (T3/3T)  3n  E]  in  these  equations  were 
calculated  by  means  of  the  tabular  method  of  Gordon  (Eqs.  (II.I85)- 
(II. 186))  but  all  constants  of  interaction  of  rotation  and  vibration 
were  considered  as  vanishing  in  the  calculation,  in  spite  of  the  fact 
that  part  of  these  constants  have  been  determined  experimentally.  This 
approximation  is  due  to  the  Indeterminacy  of  the  values  of  the  residual 

<  onstants  of  interaction  which  renders  the  error  greater  than  the  con- 

2 

tribution  of  the  known  constants.  The  quantities  R  In  (1  +  p-jT  +  p2T  ) 
and  R  (P;1T  +  2p2T2)/(l  +  p-jT  +  p2T2)  in  Eqs.  (II.243MIX.244)  were  cal 
calculated  from  the  values  of  p^  *  4.026*10~^  deg-1  and  p2  *  3.903‘10~^ 
deg  " 2,  obtained  from  Eqs.  (II.228MII.229)  with  SQ  =  (3Q  +  CQ)/2. 

This  approximation  Is  fully  justified  since  the  N02  molecule  is  similar 
to  the  type  of  symmetrical  rotators.  The  quantities  A$*el  and  AS0l  were 
calculated  from  Eqs.  (II.120MII.121)  assuming  that,  according  to  the 
data  given  on  pp.  701-704,  vA  «  11,000  cm-1,  pA  *  2,  vB  *  vC  »  16,000 
cm"1  and  pfi  +  pc  *  4. 

Table  111  contains  the  values  of  ep  and  Xp,  corresponding  to  the 
accepted  values  of  the  vibrational  frequencies  and  the  constants  of  an- 
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calculated  from 


harmoniclty  of  N02,  and  also  the  values  C'$  and  C’s, 

Eqs.  (II.247)-(I1.248)  with  p^  =  2  (since  the  electron  ground  state  of 
the  N02  molecule  ?s  a  doublet). 

The  total  error  of  the  values  of  **T  of  N02  calculated  in  this  way 
for  298.15,  3000  and  6000°K  amounts  to  *0.05,  *0.15  and  *0.3  cal/mole* 
•deg,  respectively. 

The  tables  of  the  thermodynamic  functions  of  nitric  oxide  up  to 
2000°K,  given  in  the  Handbooks  of  Kelley  [23633,  Ribaud  [34263  and 
Zeise  [4380],  based  on  the  calculation  of  Giauque  and  Kemp  [1716],  who 
used  values  of  the  fundamental  frequencies  of  NC>2  =  1373,  v2  «  641 

and  =  1615  cm-1)  and  of  the  product  of  the  moments  of  inertia  (14.4* 

—1  17  o  f. 

•10  1  g3cm°)  which  are  obsolete  at  present,  so  that  the  results  given 

in  Table  98  (II)  cannot  be  compared  with  the  data  contained  in  these 
handbooks.  This  is  particularly  true  for  Zeise' s  calculation  [4380]  up 
to  3000°K,  where  the  wrong  assumption  was  made  that  PM  -  4.  The  calcu¬ 
lations  of  Morozov  [3033  (T  £  1000°K)  and  Al'tshuller  [530]  (T  <  1500*40 
were  made  in  the  approximation  of  the  rigid  rotator  —  harmonic  oscilla¬ 
tor  model  with  virtually  the  same  values  of  the  fundamental  frequencies 
as  were  used  in  the  present  Handbook.  The  differences  between  the  val¬ 
ues,  given  in  Table  98  (II)  and  the  data  of  Al'tshuller,  reach  0.4  cal/ 
/mole* deg  with  the  values  of  S°1^00  and  are  mainly  due  to  the  fact  that 
the  anharmonicity  of  vibrations  and  the  centrifugal  distortion  of  N02 
have  been  taken  Into  account  in  the  present  Handbook.  The  deviations 
from  Morozov's  data  are  small  and  do  not  exceed  several  hundredths  of 
cal/mole* deg;  this  is  explained  by  the  fact  that  the  difference  in  the 
calculating  methods  is  compensated  by  the  difference  of  the  products  of 
the  moments  of  inertia*  used  in  the  calculations. 

N^O.  The  thermodynamic  functions  of  nitroux  oxide,  N20,  given  in 
Table  99  (II),  were  calculated  from  Eqs.  (II.24l)-(II.242)  in  the  tem- 


perature  Interval  293.15-6000°K,  based  on  the  values  of  the  molecular 

constants  of  NgO,  accepted  in  the  present  Handbook  (cf.  Table  102).  The 

values  of  R  In  £  and  R  [In  £  +  (T3/3T)  In  £]  In  these  equations  were 

determined  by  means  of  Gordon's  tabular  method  (cf.  'las.  (11.195)- 

(11.196).  The  constants  1.42534 *10“*  deg-1  and  p2  *  6. 0947 8- 10-12 

—2 

deg  were  calculated  from  Eqs.  (II. 224)- (II. 225).  The  excited  electron 
states  were  not  taken  Into  account  in  calculating  the  thermodynamic 
functions  of  NjO.  The  components  of  Fermi  resonance,  calculated  from 


the  equations 


!A*~~  idrw$ 

«-**•[*>'('  +  i=£r)  -']  • 


(XIV. 3) 


(XIV. 4) 


(cf.  [4323,  4326]),  were  added  to  the  quantities  calculated  from  Eqs. 
(II.24l)-(II.242).  Table  111  contains  the  values  of  en  and  Xn>  corres¬ 
ponding  to  the  accepted  values  of  the  vibrational  frequencies  and  the 
constants  of  anharmonicity  of  NgO,  and  also  the  values  of  C+  and  Cg, 
calculated  from  Eqs.  (II.245)-(II.246). 

»  The  error  of  the  thermodynamic  functions  of  N20  calculated  in  this 
way  are  small  and  seem  not  to  exceed  *0.05,  *0.1  and  *0.3  cal/mole*deg 
with  the  values  of  at  298.15,  3000  and  6000°K,  respectively. 

The  Fermi  resonance  in  NgO  was  taken  into  account  for  the  first 
tine  in  the  Handbook.  The  tables  of  the  thermodynamic  functions  (up  to 
T  ■  1500-2000°K)  in  Riband's  [3426? and  Zeise's  [4384]  handbooks  were 
mainly  based  on  the  results  of  Kassel's  paper  [2332]  in  which  the  mo¬ 
lecular  constants  of  NgO,  found  by  Plyler  and  Barker  [3275]  were  used 
in  the  calculations.  These  constants  deviate  essentially  from  those 
used  in  the  present  Handbook.  In  the  book  by  Vukalovich  et  al.  [137] 
the  tables  of  the  molecular  functions  were  calculated  with  the  help  of 
the  molecular  constants  given  In  Herzberg's  monograpn  [152].  The  main 
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causa  of  the  deviation  of  the  results  of  calculaticns  of  the  thermody¬ 
namic  functions  in  [3426,  4384,  13/j  from  the  data  of  the  present  Hand¬ 
book  is  the  use  of  different  constants  of  anharmonicity,  x22  (-2.28 
cm  1  in  Herzberg' s  book  [152]  compared  to  -0.17  in  the  present  Hand¬ 
book).  This  results  in  a  difference  of  up  to  0.2  cal/mole*deg  in  the 
entropy  values  at  2000°.  In  Kelley's  book  [23633  we  find  a  table  of  the 
values  of  S°T  for  N20  up  to  T  *  2000°K;  the  deviations  from  the  data  of 
Table  99  (II)  increase  as  the  temperature  rises,  up  to  0.15  cal/mole* 
*deg  at  2000°K.  Since  the  values  of  S°T  in  Table  99  (II)  are  higher 
than  those  in  Kelley's  paper,  it  may  be  assumed  that  the  calculation 
(in  [2363]  in  Kelley's  work  there  are  no  indications  as  to  the  method 
of  calculation  and  the  initial  constants)  was  made  in  the  approximation 
of  the  rigid  rotator  —  harmonic  oscillator  model. 

The  values  of  the  thermodynamic  functions  of  N20  up  to  1500°K  giv¬ 
en  in  the  paper  of  Pennington  and  Kobe  [3221]  agree  best  with  the  data 
of  the  present  Handbook  (maximum  deviation  0.02  cal/mole • deg  with  the 
entropy  at  1500°K).  The  molecular  constants  used  in  the  calculations  of 
[3221]  were  determined  by  G  Herzberg  and  L.  Herzberg  [2029]  (see  p. 
704).  These  constants  deviate  a  little  from  those  used  in  the  present 
Handbook  in  the  calculations  of  the  thermodynamic  functions  at  tempera¬ 
tures  below  1500°K.  The  method  of  taking  into  account  the  anharmonicity 
of  vibrations  and  the  vibration-rotation  Interaction,  developed  by  the 
authors  of  [3221]  (see  p.  205),  compared  with  Gordon’s  method  at  these 
temperatures,  does  not  cause  essential  differences  either. 

NH^.  The  thermodynamic  functions  of  ammonia,  NH^,  given  in  Table 
102  (II),  were  calculated  from  Eqs.  (II.243)-(II.244)  In  the  tempera¬ 
ture  interval  293*15-6000°K,  using  the  val  es  of  the  molecular  con¬ 
stants  of  NH^,  accepted  in  the  present  Handbook  (see  Tables  105  and 
106).  The  values  of  R  3n  r  and  R  [In  £  +  (T3/3T)  In  £]  In  these  equa- 


tions  were  determined  by  means  of  Gordon's  tabular  method  (cf.  Eqs. 

(II.l85MlI.l86)}.  The  constants  *  1.385*10“5  deg--1  and  =  4.584* 
-10  -2 

•10  deg  were  calculated  with  the  help  of  Eqs.  (II.228MII.229). 

Excited  electron  states  were  not  considered  in  calculating 

the  thermodynamic  functions  of  NK^j  since  the  ammonia  molecule  has  no 

Internal  rotation  the  values  of  ♦*„  „„  and  were  also  assumed  as 

vn . vr  vn . vr 

equal  to  zero.  In  Table  112  we  find  the  values  of  8  and  X  ,  corres- 

n  n 

ponding  to  the  accepted  values  of  the  x'undamental  vibrational  frequen¬ 
cies  and  the  constants  of  anharmonicity  of  NH^,  the  coefficients  ai> 
b^  and  c^  of  Eqs.  (Ii.l85MH.l86)  and  also  the  values  of  C'^  and 
C's,  calculated  from  Eqs.  (II.251)-(II.252). 

Owing  to  the  absence  of  data  on  the  value  of  the  constant  of  an¬ 
harmonicity,  Xj2  (see  p.  716),  all  terms  in  Eqs.  (II.  185MII.186) , 
containing  n  *  2,  could  not  be  calculated.  Th.  components  in  and 

x 

S°j,  due  to  fully  symmetrical  deformation  vibrations  v2,  were  therefore 
calculated  by  direct  summation  over  the  values  of  the  vibrational  level 


energies,  given  In  Table  105.  It  has  been  assumed  that  with  v2  >_  4 
these  levels  are  harmonic  oscillator  levels  with  on  oscillation  fre¬ 


quency  of  475  cm  (see  p.  717).  The  terms  R  In  Q  and  R  [In  Q  + 

v2  v2 

+  (T3/3T)  In  Q  ]  were  thus  added  to  Eqs.  (II.243)-(II.244) ,  where 
v2 

+ “">t:aTa)+ + «p(-*T)+ 

,  mt  -»(-ara)  ('-IV-5) 

+ ***  v — f-) + — rj + ; — r~msr  • 

l— «rv —  y — ; 


In  the  present  Handbook  the  thermodynamic  functions  of  ammonia 
were  calculated  with  averaged  values  of  the  rotational  constants,  i.e., 
without  taking  inverse  doubling  of  the  rotational  levels  of  Into 
account.  In  accordance  with  this,  the  quantity  a  was  chosen  equal  to  6 
instead  of  3  when  calculating  C*fr  and  C'g.  It  follows  from  a  paper  of 


TABLE  112 

Values  of  the  Constants  Used  to  Calculate  the  Ther¬ 
modynamic  Functions  of  NH.. 


81. 

8t, 

e** 

•«» 

tped 

x, 

X. 

x« 

4-IP 

1,9870 

C’lP 

4-1P 

1,6973 

IP 

4*  IP 

-1,7803 

4*-lP  3 

*U‘iP 

3,2529 

C4,  IUU/MOAk-epcd 

A»dP 

3,0if9 

c's,  KOAtMOAb  •  tpad 

IP 

4,5431 

1)  Constant;  2)  Value;  3)  cal/mole*dt!g. 


Godnev  [1563  that  it  is  fully  justified  to  neglect  the  ^nverse  doubling 
of  the  rotational  levels  for  a  temperature  interval  as  considered  in 
the  present  Handbook. 

The  main  source  of  errors  in  the  values  of  the  thermodynamic  func¬ 
tions  of  NH^  is  the  neg.lection  of  the  anharmonicity  of  the  vibration  v2 
and  also  the  inaccuracy  of  the  constants  of  anharmonicity.  The  error  of 
the  value  of  **3000  due  these  causes  may  reach  *0.075  cal/mole«deg. 
The  total  error  in  the  values  of  at  298.15,  3000  and  6000°K  amounts 
to  *0.05,  *0.1  and  *0.5  cal/mole-dag,  respectively. 

The  thermodynamic  functions  of  NH^  were  previously  calculated  ei¬ 
ther  in  the  approximation  of  the  rigid  rotator  —  harmonic  oscillator 
model  (Tnompson  [3971],  Khlebnikov  and  Morozov  [451]  and  Sundaram, 
Suczek  and  Cleveland  [3900a]  up  to  1000°K  and  a  series  of  calculations 
carried  out  up  to  1938,  mentioned  in  Wilson's  review  [4291]),  or  in  the 
approximation  of  the  rigid  rotator-harmonic  oscillator  model  (Thompson 
[3971]}  Khlebnikov  and  Morozov  [451]  and  Sundaram,  Suczec  and  Cleveland 
[3900a]  up  to  1000°K  and  a  series  of  calculations  carried  out  up  to 
1938,  mentioned  in  Wilson's  review  [4291]),  or  in  the  approximation  of 
the  rigid  rotator-anharmonlc  oscillator  model  (Stephenson  and  McMahon 
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[3848]  up  to  2000°K,  Din  et  al.  [1350]  up  to  1000°K)  or  in  the  approxi¬ 
mation  of  the  nonrigid  rotator-harmonic  oscillator  model,  with  the  on- 
h&rmoniclty  of  the  vibrations  Vj  taken  into  account  by  means  of  direct- 
summation  over  the  energy  levels  of  this  vibration  (Harrison  and  Kobe 
[I960]  up  to  1500°K).  The  rotati'-n-vibration  interaction  was  only  taken 
into  account  in  calculating  the  specific  heat  of  ammonia  for  tempera¬ 
tures  between  0  and  150°C  (Haupt,  Teller  [1974]).  The  molecular  con¬ 
stants  of  NH^  used  in  these  calculations  and  accepted  in  the  present 
Handbook,  differ  as  a  rule  only  slightly  from  one  another;  the  main 
sources  of  divergence  of  the  calculating  results  are  therefore  the  dif¬ 
ferent  methods  used  to  calculate  the  thermodynamic  functions  and  the 
differences  of  the  basic  physical  constants  applied.  Thus,  the  result;- 
of  the  calculations  by  Thompson  [3971]  and  Khlebnikova  and  Morozo/ 

[451]  agree  virtually  with  one  another  and  differ  from  those  calculated 
in  the  present  Handbook  by  0.03  cal/mole-deg  at  298.15°K  and  by  0.15 
cal/mole-deg  at  1000°K  in  the  values  of  the  entropy.  The  deviations 
at  low  temperatures  caused  by  the  correction  according  to  Stripp  and 
Kirkwood  (Eq.  (11.176a)),  not  taken  into  account  in  the  papers  [3971; 
i960];  at  higher  temperatures  the  fact  that  the  centrifugal  distortion 
and  the  vibrational  anharmonicity  has  been  taken  into  account  becomes 
effective. 

The  calculation  of  Stephenson  and  McMahon  [3848]  was  mace  up  to 
2000°K  without  taking  into  gccount  the  vibrational  anharmonicity  and 
the  vibration-rotation  interaction;  this  explains  the  deviation  of  the 
results  of  calculations  in  [3848]  from  the  data  of  the  present  Hand¬ 
book,  which  reaches  0.209  cal/mole-deg  with  the  values  of  s°2qoo*  The 
deviation  from  the  results  obtained  by  Din  et  al.  [1350]?  reaching  0.1 
cal/mole-deg  with  sci0oo*  is  exPla3neci  bV  the  sanie  causes.  The  results 
obtained  by  Harrison  and  Kobe  [i960]  are  the  be:,t  availaole  in  lite.'a- 
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ture.  The  maximum  differences  between  the  values  given  in  Table  102 
(II)  and  in  paper  [I960]  appear  with  the  values  of  at  low  tenpera- 
tures.  This  is  explained  by  the  fact  that  the  authors  of  paper  [I960] 
did  not  take  into  consideration  the  correction  according  to  Stripp  and 
Kirkwood  (see  above).  At  higher  temperatures  the  deviations  first  de¬ 
crease  and  then  rise  again  but  do  not  exceed  0.028  cal/mole • deg  with 
the  values  of  s°1500‘  This  effect  is  explained  by  the  fact  that  in  the 
beginning  the  deviations  due  to  the  small  differences  in  the  values 
usee  for  the  level  energ;  values  with  inverse  doubling  predominate  (in 
the  paper  of  Harrison  and  Kobe  [I960]  the  contribution  of  these  levels 
is  greater),  and  then  the  values  of  the  vibrational  anharmonicity  and 
of  the  interaction  between  vibrations  and  rotations  begin  to  grow, 
which  is  taken  into  account  in  the  present  Handbook. 

The  thermodynamic  functions  of  the  hydrazine  given  in 

Table  103  (II),  were  calculated  from  Eqs.  (II. 243)- (II. 244)  in  the  tem¬ 
perature  interval  293.15-6000°X,  using  the  values  of  the  molecular  con¬ 
stants  of  accepted  in  the  present  Handbook  (see  Table  108).  The 

calculation  was  carried  out  in  the  approximation  of  the  rigid  rotator- 

2 

harmonic  oscillator  model;  the  components  R  In  r,  R  (p-jT  +  2.5p2T  )» 

A*«ei»  R  [In  1  +  (T3/3T)  In  I],  R  (2?^  +  7.5p2T2)  311(1  ASei  were  Put 

equal  to  zero.  The  components  of  Internal  rotation,  ♦*vn  yr  and 

were  calculated  from  Eqs.  (II.236)-(II.237)  in  which  the  values  of 

(t*  —  ♦*  )  and  (S  —  S  )  were  determined  from  the  ta- 

'  sv.vr  vn.vr  sv.vr  vn.vr 

bles  of  Pitzer  and  Gwinn  [32593*  on  the  basis  of  the  arguments  1/ 

/Qc„  „„  *  1/0. 168727 /T  and  Vn/RT  *  4850/RT.  Calculating  <3  from  Eq, 

(II. 231)  it  was  assumed  that  nm  »  2  and  in  Eqs.  (II.236)-(II.237)  it 
was  assumed  that  *  1.  Table  113  contains  the  values  of  en,  corre¬ 
sponding  to  the  accepted  values  of  the  fundamental  frequencies  of  NgH^, 
and  the  values  of  C.’^  and  C*s,  calculated  from  Eqs.  (II. 251)- (II. 252) . 


The  main  source  of  errors  in  the  values  of  thermodynamic  functions 
of  NgHj.,  calculated  in  th  is  way,  is  the  absence  of  exact  data  cn  the 
shape  of  the  potential  curve  of  internal  rotation  and  the  indeterminacy 
of  the  magnitude  of  VQ  of  the  potential  barrier,  connected  with  this. 

It  can  be  assumed  that  at  temperatures  of  500-1000°K  the  total  error  of 
the  functions  does  not  exceed  the  value  of  the  error  in  S02gg  de¬ 
termined  experimentally  by  Scott  et  al.  [3667]  (of.  p.  723).  At  higher 
temperatures  the  error  Increases  because  of  the  neglection  of  the  vi¬ 
brational  anharmonicity,  the  interaction  between  vibrations  and  rota¬ 
tions,  the  centrifugal  distortion  of  the  molecule  on  rotation,  and  otn- 
er  effects.  At  the  temperatures  3000  and  6000°K  the  total  error  of  the 
values  of  #*T  amounts  to  *0.7  and  *1.2  cal/mole-deg,  respectively. 

There  is  a  single  calculation  of  the  thermodynamic  functions  of 
(up  to  15C0°K)  published  in  literature  by  Scott  et  al.  [366 7 J  who 
also  applied  the  approximation  of  the  rigid-rotator-harmonic  oscillator 
model.  In  paper  [3667]  the  contribution  of  internal  rotation  was  calcu¬ 
lated  under  the  assumption  that  the  gauche  configuration  with  damped 
rotation  is  x.i  equilibrium  with  the  transconfiguration  with  free  rota- 
tion,  the  difference  between  the  energies  of  these  configurations 


TABLE  113 

Values  of  the  Constants  Used  to  Calculate  the  Thermodynamic 
Functions  of  N2H^ 


1  nacwMMM 

2S toMMM 

- — 

8— 

JbCWMtM 

3mmm 

lb  3 

•b 

•b 

4710,23 

4783,18 

2283,38 

1834,48 

•b 

lb 

lb  4JN0 

1579,78 

1122,28 

4788,15 

,4819,95 

•lb 

k  lib 

4.  kma/mom  •  tpad 
C's,  mAima-tpcd 

2342,35 

1356,85 

1,9697 

9,9188 

1)  Constant;  2;  Value;  3)  degree;  4)  cal/mole • deg . 
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amounting  to  2800  cal/mole.  The  sums  of  the  rotational  and  vibrational 
degrees  of  freedom  of  both  configuiations  were  assumed  to  be  equal  to 
w-ne  another,  since,  according  to  Pltzer  [3255 3 »  a  change  in  the  vibra¬ 
tion  frequencies  occurring  in  a  transition  from  one  configuration  to 
another,  is  compensated  in  the  state  sum  by  a  change  of  the  moments  of 
inertia.  The  value  of  2 800  cal/mole  of  the  potential  barrier  of  inter¬ 
nal  rotation  was  determined  by  Scott  et  al.  [3667]  on  the  basis  of  the 
value  of  Vj  =  360  cm-1  suggested  by  them  for  the  frequency  of  torsion 
oscillation.  The  value  of  S°2^g  ^  *  57*41  cal/mole*deg  calculated  by 
Scott  et  al.,  differs  by  0.4 4  cal/mole* deg  from  that  obtained  with  the 
help  of  calorimetrical  measurements,  which  goes  beyond  the  limits  of 
experimental  errors.  The  authors  cf  [3667]  explained  this  deviation  by 
assuming  a  residual  entropy.  Collins  and  Lipscomb  [11573 ,  however ,  a  result 
of  X-ray  diffraction  studies  of  the  structure  of  crystalline  hydrazine, 
showed  that  in  the  case  of  hydrazine  the  residual  entropy  must  be  equal 
to  zero.  It  is  thus  more  likely  that  the  deviations  of  the  results  of 
the  calculations  of  Scott  et  al.  from  the  experimental  data  ma^  be 
caused  by  the  method  of  taking  into  account  the  internal  rotation  and 
also  by  the  value  of  the  potential  barrier.  The  differences  between  the 
results  of  the  calculations  in  [36673  and  the  data  given  In  Table  103 
(II)  grow  in  the  case  of  S°T  from  0.42  cal/mole. deg  at  298.15°K  to  1.57 
cal/mole. deg  at  1500°K.  In  the  case  of  the  corresponding  differen¬ 
ces  amount  to  0.19  and  1.10  cal/mole* deg. 

§53-  THE  THERMODYNAMIC  QUANTITIES 

The  standard  state  of  Nitrogen  is  N2  (gas) ♦ 

N  (gas) .  The  value  of  the  heat  of  formation  of  monatomic  nitrogen 

A/TMN,  )  =  11  J,5Jf±  0,055  kc*l/g-»t<*n 

accepted  in  the  present  Handbook,  was  calculated  on  the  basis  of  the 
accepted  value  of  the  dissociation  energy  of  N2  (see  below). 
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NT  (gas).  The  ionization  potential  of  monatomic  nitrogen  was  cho¬ 
sen  according  to  Moore's  recommendation  [2941]  as  equal  to  117. 345  * 

*  10  cm-1  or 

/(N)«  33*4*  ±0,03  kc*l/g-«tom. 

The  following  value  corresponds  to  it: 

AH°fg  (N+,  gas)  *  448,056  *  0.07  kcal/g-atom. 

Np  (gas)  For  a  long  time  the  value  of  the  dissociation  energy  of 
diatomic  nitrogen  was  the  object  of  an  extended  discussion  and  the  top¬ 
ic  of  a  series  of  review  articles  (cf.,  e.g.,  Gaydon  [141,  1668],  Kot- 
trell  [255],  Brewer  and  Search  [932],  Sehon  and  Szwarc  [3677]).  The 
chief  interest  of  the  discussion  was  focused  to  the  two  possible  values 
of  DQ(N2),  equal  to  9-759  and  7-375  evj  most  of  the  authors  preferred 
the  value  of  9-759  ev,  though  there  were  no  sound  arguments  speaking  in 
favor  of  this  choice. 

The  value  of  the  dissociation  energy  of  nitrogen  may  be  determined 
by  way  of  analyzing  the  predissociation  in  the  N2  spectrum.  In  particu¬ 
lar,  Buttenbender  and  Herzberg  [10373  who  observed  discontinuities  in 

the  rotational  structures  at  the  vibrational  levels  of  v  *  2,  3  and  4 
■a 

of  the  CJn,  state,  used  the  data  obtained  to  determine  the  dissociation 
u 

limit  of  N2,  for  which  a  value  of  97,944  *  40  cm-1  (12.143  ev)  was 

found.  If  this  limit  is  assumed  to  be  correlated  with  the  states 
4  2 

N(  S)  +  N(  D),  the  dissociation  energy  of  N2  in  the  electron  ground 

state  must  be  equal  to  78,717  cm-1  (9.759  ev);  the  value  of  P,2(N2)  * 

»  59,490  cm-1  (7-375  ev)  corresponds  to  a  correlation  of  this  limit 
2  2 

with  the  states  D  +  D.  A  criterion,  important  for  the  choice  of  one 

of  these  two  values  of  Dq(N2),  Is  the  interpretation  of  the  predissoci- 

1  1 

ation  in  the  states  a  n  and  BJH  ,  corresponding  to  tne  dissociation 

o  o 

limit  of  N2  equal  to  about  9*8  ev.  Gaydon  [1668]  proposed  to  assume 

5  + 

these  predissociations  as  caused  by  the  low-stability  state  ,  dis- 

6 
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sociating  into  nitrogen  atoms  in  the  normal  states  (*‘S  +  ’’S).  If  this 
is  true,  Dq(N2)  =  9-759  ev.  There  exist,  however,  almost  only  indirect 
experimental  proofs  of  the  existence  of  a  low-stability  (Dg  =  850  cm  *) 
electron  state  **E+  ,  dissociating  into  nitrogen  atoms  with  (see 

o 

p.  673)-  Based  on  the  data  obtained  from  investigating  the  N2  spectrum 
alone,  it  is  therefore  impossiDle  to  choose  unambiguously  between  the 
two  possible  values  of  the  dissociation  energy,  though  the  value  of 
9-759  ev  is  more  likely  [1376a]. 

A  choice  of  the  value  of  the  dissociation  energy  of  N2  may  also  be 

based  on  a  determination  of  the  dissociation  energies  of  NO,  N+2  and 

CN.  The  dissociation  energies  of  N2  and  NO  are  .inked  with  one  another 

by  a  thermodynamic  equation  and  two  *.alues  of  DQ(N0)  (6.506  and  5-31** 

ev'  correspond  to  the  two  possible  values  of  DQ(N0);  the  accuracy  of 

the  former  is  determined  by  the  accuracy  of  the  heat  of  formation  of 

NO.  According  to  the  discussions  of  the  values  of  dissociation  energy 

of  NO  in  the  present  Handbook  (see  p.  762),  the  value  of  Dq(NO)  55  6. 506 

ev  is  more  likely;  it  corresponds  to  a  value  of  DQ(N2)  *  9-759  ev.  On 

2  +  2  + 

the  basis  of  tne  results  of  investigating  the  band  system  B  l  —  X  £ 

O 

of  the  N+2  molecule,  Douglas  [1369]  came  to  the  conclusion  that  an  ex¬ 
trapolation  of  the  vibratior  al  levels  of  both  electron  states  to  the 
value  of  Dq(N+2)  =  70,396  -m-1,  to  which  a  value  of  DQ(N2)  =  78,717 
cm-1  (9-759  ev)  corresponds,  is  better  justified  than  an  extrapolation 
to  the  lower  value  of  Dq(N+2). 

The  value  of  the  dissociation  energy  of  N2  may  also  be  determined 
in  investigations  of  various  high-temperature  processes. 

Zel'dovich  [195]  showed  that  under  certain  conditions  the  dissoci¬ 
ation  energy  may  be  calculated  on  the  basis  of  data  on  measurements  of 
the  speed  of  detonation  waves.  Kristiakowsky ,  Xnight  and  Malin  [2415, 
24:'!  used  this  method  to  determine  the  dissociation  energy  of  nitro- 


gen.  A  comparison  of  the  detonation  velocities  measured  in  a  mixture  of 
dicyan  and  oxygen  with  those  calculated  with  the  help  of  various  possi¬ 
ble  values  of  the  dissociation  energy  of  nitrogen,  showed  that  the  val¬ 
ue  of.  Dq(N2)  cannot  be  lower  than  9.759  ev.  Toennies  and  Green  [3995, 
39963,  Christian,  Duff  and  Jarger  [1103],  Senenov  [371]  and  Hornig 
[2129],  studying  the  shock  wave  velocity  in  nitrogen,  arrived  at  the 
same  result . 

Thomas,  Gaydon  and  Brewer  [3964]  investigated  the  violet  band  sys¬ 
tem  of  CN  in  the  spectrum  of  a  dicyan-oxygen  flame  and  determined  the 
”vibrational  temperature”  of  this  flame.  A  comparlsor.  of  the  flame  tem¬ 
perature  measured  with  the  temperatures  calculated  with  the  various 
possible  values  of  DQ(N2)  showed  that  the  value  of  9.759  ev  was  the 
correct  one.  A  more  accurate  measurement  of  the  temperature  of  this 
flame  was  carried  out  by  Conway,  Wilson  and  Gross  [1163]  by  means  of 
the  method  of  spectrum  line  inversion.  The  authors  of  paper  [1163]  also 
arrived  at  the  result  that  the  value  of  DQ(N2)  *  9-759  ev  must  be  the 
true  one. 

The  most  serious  objection  (see,  e.g.,  [255])  against  the  higher 
value  of  the  dissociation  energy  of  nitrogen  was  previously  based  on 
the  results  of  investigations  by  means  of  the  method  of  electron  im¬ 
pact.  But  the  last  papers  of  Hagstrum  [1930],  Kandel  [2320],  Burns 
[1027],  Clarke  [1124],  Frost  and  McDowell  [1621]  and  Thorbum  and 
Craggs  [3984],  showed  that  the  earlier  investigations  displayed  errors 
and  arrived  at  results  that  verified  the  value  of  DQ(N2)  =  9-759  ev. 

Hendrie  [1989]  investigated  the  dissociation  of  nitrogen  up  to 
3450°K.  In  this  work  a  directed  magnetic  field  separated  the  particles 
with  high  magnetic  moments  from  a  molecular  beam.  Even  at  3450°K  the 
beam  was  found  to  be  free  from  nitrogen  atoms  which  permitted  an  estab¬ 
lishment  of  the  lower  limit  of  the  dissociation  energy  of  nitrogen  at 


-  759  - 


6.80  ev.  This  limit  speaks  in  favor  of  the  value  of  Dq(N'2)  =  3-753  ev. 
Farber  and  Darnell  [1528]  came  to  the  same  conclusion  when  studying  the 
dissociation  of  nitrogen  on  a  tungsten  wire. 

It  must  be  noted  ohat  quantum-mechanical  calculations  [997*  2160] 
also  verify  the  higher  value  of  DQ(N2). 

Based  on  the  results  of  investigations  considered  above,  we  accept 
in  the  present  Handbook  the  following  value  of  the  dissociation  energy 
of  nitrogen: 

D#(to,)  =  8*768±0,005  ev  =  225,072±0,U0  kcsl/roole 
(gas).  The  first  ionization  potential  of  diatomic  nitrogen  was 
determined  repeatedly  with  the  help  of  the  method  of  electron  Impact 
(see  Hagstrum’s  review  [1929])-  The  accuracy  of  this  method  is  not 
high,  it  amounts  to  about  *0.2  ev.  Moreover,  in  the  method  of  electron 
impact  it  is  the  potential  at  which  the  N+2  ion  appears  that  is  meas¬ 
ured  directly,  a  quantity  which  can  be  taken  as  the  ionization  poten¬ 
tial  only  under  certain  suppositions  (see  [19293).  An  accurate  value  of 
I(N2)  was  obtained  as  the  result  of  investigating  the  Rydberg  series  in 
the  N2  molecular  spectrum;  this  was  done  by  Worley  and  Jenkins  [4 331 3 
and  Worley  [*13303  (see  also  Tanaka,  Takamine  [3938,  35*403).  This  value, 
125,665.8  *  10  cm-1,  or 

/(N,)  —  368411  ±0,03  kcal/smle 

was  accepted  in  the  present  Handbook.  To  it  correspond 

)  *  358.311  ±0.03  *»"■»*' 

and  the  value  of  the  energy  of  dissociation  of  N+2  in  N  and  N+,  equal 
to 

D,  (Nj)  =  201,281  ±0,09  k«i  n»«c 

Nj  (gas).  Gray  and  Waddington  [18*47]  measured  the  heat  of  dissolu¬ 


tion  of  a  series  of  azides  and  subsequently  [18*48],  based  on  the  data 
obtained  in  paper  [18*473,  they  calculated  the  energies  of  the  crystal 
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lattices  of  these  azides  and  obtained  the  following  value  of  the  heat 
of  formation  of  N^: 

H64-S  .kc*l/inoie 

• . 

which  is  accepted  in  the  present  Handbook. •  The  corresponding  value  of 
the  dissociation  energy  of  N^  into  atoms  is  equal  to 

^(N,)-220,702±5  kcal/mole 

Thrush’s  estimate  of  the  dissociation  energy  of  [3988]  (D0  > 

>  229  *  4  kcal/mole)  agrees  within  the  limits  of  error  with  the  value 
accepted  in  the  present  Handbook. 

NO  (gas).  The  results  of  investigating  the  NO  spectrum  do  not  per¬ 
mit  an  exact  determination  of  the  dissociation  energy  c.f  this  molecule 
which,  as  mentioned  above  (see  p.  758),  may  be  calculated  with  the  help 
of  the  dissocition  energies  of  N2  and  02  and  the  heat  of  formation  of 
NO. 

Berthelot  [773,  781]  measured  the  heat  of  combustion  of  dicyan  and 
ethylene  in  oxygen  and  in  NO.  Based  on  the  data  obtained,  a  value  of 
21.6  kcal/mole  was  obtained  for  the  value  of  the  heat  of  formation  of 
NO.  The  same  value  was  obtained  by  Thomsen  [3981].  The  literature  data 
on  the  equilibrium  of  the  reaction 

lNt  +  yO,^NO 

were  collected  by  Lewis  and  Randall  [26o4,  3367]  and  Giauque  and  Clay¬ 
ton  [1713].  The  authors  of  the  present  Handbook  used  these  data  to  cal¬ 
culate  the  value  oi  the  heat  of  formation  of  NO  and  obtained  AH°f0(NO, 
gas)  ■  22.6  *  0.1}  kcal/mole  (which  corresponds  to  AH°f2gg  -^(NO,  gas)  = 
*  22.7  kcal/mole).  It  sh  ould  be  mentioned  that  the  calculated  value  of 
AH°fQ  varies  systematically  with  the  temperature  of  experiment  which 
indicates  a  violation  of  equilibrium  or  the  presence  of  side  reactions. 

Koerner  and  Daniels  [2*155  ]  measured  the  heat  of  combustion  of  ex- 
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cessive  red  phosphorus  in  a  mixture  of  CL,  with  N,,  and  in  NO.  The  dif¬ 
ference  of  the  heats  of  these  reactions,  in  the  case  where  the  reaction 
products  forming  are  the  same,  is  equal  to  the  heat  of  formation  of  NO 
from  the  elements.  As  established  by  Roerner  and  Daniels,  in  the  com¬ 
bustion  a  considerable  amount  of  P^Og  is  formed  beside  P^O.^.  *n“ 

troduction  of  corresponding  corrections  it  rendered  difficult  by  the 
lack  of  sufficiently  reliable  *'~lues  of  the  heat  of  formation  of  P^Og. 
The  authors  of  paper  [2455]  had  to  carry  through  an  unreliable  (for 
more  than  4  kcal)  extrapolation  of  the  results  of  individual  measure¬ 
ments  toward  zero  content  of  P^Og  and  obtained  for  the  heat  of  forma¬ 
tion  of  NO  a  value  of  21.8  kcal/mole.  In  the  present  Handbook  we  accept 
the  following  value  of  the  heat  of  formation: 

(NO, V)-2I.«±1  kcal/mole 

« 

The  following  value  corresponds  to  this  heat  of  formation  of  NO: 

Dq(NO)  *  150.043  *  1  kcal/mole  =  6.506  ev. 

It  must  be  noted  that  the  results  of  investigating  the  NO  spec¬ 
trum,  though,  as  mentioned  above,  they  do  not  render  it  possible  to  ob¬ 
tain  an  exact  value  of  DQ(N0),  definitely  speak  in  favor  of  a  value  of 
-6.5  ev.  Thus,  for  example.  Brook  and  Kaplan  [978],  investigating  the 
B-system  in  the  NO  spectrum,  observed  bands,  corresponding  to  transi¬ 
tions  to  vibrational  levels  of  the  electron  ground  state  with  v"  <_  23- 
The  energy  of  the  latter  observable  vibrational  level  (about  4.5  ev)  is 
such  that  an  extrapolation  of  levels  leading  to  a  value  of  the  dissoci¬ 
ation  energy  <6.5  ev,  may  be  achieved  only  if  t.v-re  exist  some  rare 
anomalies  in  the  energies  of  the  vibrational  levels  cf  the  NO  ground 
state  with  large  values  of  v.  Moreover,  an  application  of  the  method  of 
electron  impact  to  Investigating  the  dissociation  energy  of  NO,  also 
yields  unambiguously  a  value  of  Dq(NO)  =  6.5  ev  [1131*  1623].  Thus  we 
see  that  independent  determinations  of  the  dissociation  energy  of  NO 


yield  a  value  that  speaks  in  favor  of  the  value  of  D0(N5),  accepted  in 
the  present  Handbook . * 

NO  (gas).  The  value  of  the  ionization  potential  of  NO  wars  meas¬ 
ured  by  the  method  of  electron  intact  (see  review  of  Hagstrum  [1929]) 
and  photoionlzation  (cf.  the  paper  of  Watanabe  and  coworkers  [4175, 
4176,  4178]  and  also  Walker  and  Wassler  [4132a]).  Based  on  a  series  of 
papers  on  the  method  of  electron  impact,  Hagstrum  [1929]  recommends  a 
value  of  I(NO)  *  9*4  *  0.2  ev.  Photoionization  measurements  make  it 
possible  to  determine  the  longwave  limit  of  the  ionization  continuum 
with  an  accuracy  of  +0.02  ev,  which  exceeds  the  accuracy  of  measure¬ 
ments  with  the  electron  impact  method  by  orders  of  magnitude.  With  the 
help  of  the  photoionization  method  Watanabe  [4175]  obtained  a  value  of 
9.25  +  0.02  ev  or 

/(NO)  213,387  ±  0,5  kcal  'mole 

This  value  has  been  accepted  in  our  Handbook.  To  it  correspond  the  heat 
of  formation 

Air/,  (NO*.  234.867  ±  1,1  kcal  mole 

+ 

and  an  energy  of  dissociation  of  NO  into  N  and  O',  equal  to 

D,  (NO4)  -  250,708  ±  1.1  kcal/mole 

NOp  (gas).  The  results  of  a  great  many  investigations  of  the  equi¬ 
librium  of 

NO  +  ^O.ttNO, 

were  collected  and  recalculated  by  Randall  [3367]  and  Giauque  and  Kemp 
[1716].  These  authors  obtained  virtually  the  same  values  (aH°2gg  1 ,  = 

=  —13.587  and  —13.562  kcal/mole).  In  the  present  Handbook  we  give  a 
value  of  the  heat  of  formation  calculated  with  these  data: 

(NO*.  *»  £fc  1,2  kcal/mole. 

The  error  of  this  value  is  first  of  all  due  to  the  insufficient  accura- 
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cy  of  the  value  of  the  heat  of  formation  of  NO.  The  following  value 
corresponds  to  the  accepted  one: 

D,(NOJ  -  221.843  ±  Ifi  kcal/mole. 

NpO  (gas).  In  order  to  determine  the  heat  of  formation  of  nitrous 
oxide  N20  the  heat  of  its  combustion  in  hydrogen  [3981,  1060,  1550]  and 
carbon  monoxide  [781,  3981,  1550,  591,  1061]  were  measured.  The  most 
accurate  of  these  papers  are  the  papers  of  Penning  and  Cotton  [1550] 
and  Awbery  and  Griffiths  [591],  in  which  values  of  19 .74  +0.07  and 
19-5  +  0.22  kcal/mole,  respectively,  were  obtained  for  the  heat  for¬ 
mation  of  NpO. 

In  the  paper  of  Carlton-Sutton,  Ambler  and  Williams  [1061]  the 
heat  of  formation  of  NpO  was  determined  with  the  help  of  the  method  of 
measuring  the  heat  of  its  decon?>osition  into  nitrogen  and  oxygen.  These 
authors  showed  that  this  method  yields  a  more  accurate  value  of  the 
heat  of  formation  of  NpO,  compared  to  the  method  of  combustion.  In  the 
further  calculations  in  the  present  Handbook  we  use  the  value  of  the 
heat  of  formation 

Mrfmv  (N  fi,  ».  >)  ~  Of  fit  ±0,1  kcal/taole. 

found  by  Carlton-Sutton,  Ambler  and  Williams.  The  following  value  cor¬ 
responds  to  it: 

*  163,725  ±0,1 5  M'noie. 

NH  (gas).  A  linear  extrapolation  of  the  vibrational  levels  (vn  = 

o  „ 

=  0,  1,  2)  of  the  XI  ground  state  of  the  NH  molecule  yields  a  value 
of  Dg  =  33,970  cm-1  or  about  4.0  ev  (Pannetier  and  Gaydon  [3174]). 

Since  values  obtained  by  means  of  a  linear  extrapolation  are  usually 
too  high,  Gaydon  [1668]  recommends  the  value  3*7  +  0.5  ev  (about  85*3 
kcal/mole)  and  indicates  that  Glockler  [1761],  by  means  of  a  comparison 
of  the  force  constants  and  the  dissociation  energies  of  a  series  of  hy¬ 
drides,  obtained  a  value  of  3*74  ev  for  the  dissociation  energy  of  NH. 
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With  the  help  of  the  method  of  electron  impact,  Franklin,  Dibeler 
and  Reese  [1598]  measured  the  potential  at  which  N  2  appears  (16.0  + 
+0.1  ev)  in  the  reaction  HN^  *  N+2  +  NH.  Using  a  value  of  71.66  kcal/ 
/mole  for  the  heat  of  formation  of  HNg  [1848]  and  15.576  ev  for  the 
ionization  potential  of  N2  (see  above),  the  dissociation  energy 
Dq(NH)  »  82.7  kcal/mole  was  calculated  which  is  in  good  agreement  with 
the  value  obtained  by  linear  extrapolation. 

Reed  and  Snedden  [3412a]  used  the  method  of  electron  impact  to 
measure  the  potential  at  which  N+  and  NH+  ions  appear  in  NH^.  The  po¬ 
tential  of  appearance  of  these  ions  enabled  the  authors  of  [3412a]  to 
find  the  dissociation  energy  Dq(HN  —  H)  *  4.0+0.15  ev  (a  value  of 
Dq(NH)  *81.7+4  kcal/mole). 

The  results  of  measurements  of  DQ(NH)  by  the  method  of  electron 
impact  [1598,  3412a]  and  the  estimate  obtained  by  the  method  of  linear 
extrapolation  [1668]  are  in  good  agreement.  In  the  present  Handbook  a 
value  of* 

D*(NH)  =83:1:3  kcal/mole, 

is  used  for  the  dissociation  energy  of  NH,  to  which  a  value  of 

MTU  (NH.  su;)  «  81.168  ±  3  kcal/mole 

corresponds . 

NHq  (gas).  Szwarc  [3911]  investigated  the  kinetics  of  the  tnermo- 
dvnamic  dissociation  of  hydrazine  in  a  toluene  current  and  obtained 
D0(H2N  —  NH2)  *60+3  kcal/mole.  This  value  was  verified  by  Foner  and 
Hudson  [1578],  who  measured  the  potential  at  which  the  NH+2  ion  appears 
in  N2Hjj  and  the  ionization  potential  of  NH2  and  obtained  DQ(H2N  — 

—  NH2)  *58+9  kcal/mole.  A  value  of 

A/T/,(NH^  su  )*=43±2  kcal/mole, 

corresponds  to  the  value  of  DQ(H2N  —  NHj)  found  by  Szwarc  [3911];  the 
former  has  been  accepted  in  the  present  Handbook.  A  similar  value  was 
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calculated  by  Al'tshuller  [528].  The  value 

D(  (NHj)  o  172,8  i  2.  fa»i/mote. 

corresponds  to  the  accepted  value  of  the  heat  of  formation  of  NHj. 

NH^  (gas).  3erthelot  [795]  and  Thomsen  [3981],  who  measured  the 
heat  of  combustion  of  ammonia  gas  obtained  values  of  —11.2  and  -11.7 
kcal/mole  for  the  heat  of  its  formation.  Haber,  Tamaru  and  Oeholm 
[1913]  established  that  the  accuracy  of  these  quantities  were  low  and 
the  possible  error  amounted  to  1  kcal/mole.  The  same  authors  [19133 
measured  the  heat  of  decomposition  of  amnonia  and  obtained  */m.u  (NH* 
gas)  *  —11.0?  kcal/mole. 

Becker  and  Roth  [7133  (see  also  [255])  measured  the  heat  of  forma¬ 
tion  of  ammonia  most  accurately.  These  authors  measured  the  heat  of 
neutralization  of  ammonium  oxalate,  the  heat  of  combustion  of  ammonium 
oxalate  and  a  series  of  other  heats  and  found  a  value  of 


A/T/wMitNH,,  w«)~- 11,0! ±0,07  kcal/mole 

This  value,  which  is  in  good  agreement  with  the  results  of  measurements 
by  Haber  et  al.  [1913],  has  been  accepted  in  the  present  Handbook.  The 
following  value  corresponds  to  it: 

Da (NHJ  e  276.806-4-0.1  kcal/mote. 


Hughes,  Corruccini  and  Gilbert  [2144]  measured  the 


heat  of  combustion  of  hydrazine  and  obtained  &H°C2gQ  *  -148.635  + 

+  0.03  kcal/mole.  Later  on  this  value  was  recalculated  by  Cole  and  Gil¬ 
bert  [1150]  who  used  a  more  accurate  value  of  the  heat  of  combustion  of 


benzoic  acid,  used  as  standard,  and  obtained  ^5  *  —148.68  kcal/ 
/mole.  A  very  similar  value,  AH°C2^g  ^  *  -148.619  kcal/mole,  was  found 
by  Aston,  Rock  and  Isserow  [5763*  A  correction  for  the  improved  value 


of  the  heat  of  combustion  of  benzoic  acid  leads,  according  to  data  of 


[5763,  to  a  value  of  the  heat  of  combustion  of  hydrazine  of  AH°c2qg  ^5 
*  -148.664  kcal/mole.  Based  on  the  results  of  papers  [1150,  576],  a 


value  of  AH°f2^g  ^  *  12.04  +0.02  kcal/mole  was  calculated  for  the 
heat  of  formation  of  hydrazine  in  liquid  state. 

The  heat  of  evaporation  of  hydrazine,  A^v^g  ^  *  10.7  +0.75 
kcal/mole,  was  measured  by  Scott,  Oliver,  Gross,  Hubbard  and  Huffman 
[36673.  Combining  these  values  for  the  heat  of  formation  of  hydrazine 
in  the  gaseous  state,  we  may  find 

3*22,74; +.0,08  kcal/mole. 

To  this  value,  which  has  been  accepted  in  the  present  Handbook,  a  value 
of 

Db(N,H4)-406.486±0.!4  kcal/mole 

corresponds . 

HNO  (gas).  Cashion  and  Polanyi  [1070]  studied  the  infrared  chemo¬ 
luminescence  which  appears  when  hydrogen  atoms  react  with  NO.  The  au¬ 
thors  assume  that  the  band  at  16,000  cm-1  corresponds  to  the  energy 
necessary  for  the  association  of  hydrogen  atoms  with  NO.  Assuming  that 
the  activation  energy  of  this  process  is  equal  to  zero,  the  authors  of 
paper  [1070]  recommend  a  value  of  46  kcal/mole  as  the  lower  limit  of 
Dq(H-NO);  a  value  of  27  kcal/mole  for  the  upper  limit  of  AHaf0(HNO), 
gas)  corresponds  to  it. 

Recently  Clement  and  Ramsay  [1128a],  who  investigated  the  predis- 
soclatlon  in  the  HNO  spectrum,  found  an  upper  limit  of  48.6  kcal/mole 
for  Dq(H— NO),  to  which  a  lower  limit  of  AHofQ(HN0,  gas)  *  25.5  kcal/ 
/mole  corresponds. 

Luft  [2674]  estimated  the  value  of  the  heat  of  formation  of  HNO 
with  the  help  of  three  different  methods:  he  used  the  results  of  the 
decomposition  of  NHgOH  in  solutions,  the  values  of  the  bond  energies  in 
nitrogen  compounds,  and  the  graph  of  D(X-NO)  versus  the  ionization  po¬ 
tential  of  X.  The  value  of 

uru  (HNO,  «  )  =  25  ±5  kd  mote 
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obtained  is  in  good  agreement  with  those  recommended  by  Cashion  and 
Polanyi  [1070]  and  Clement  and  Ramsay  [1128a]  and  has  been  accepted  in 
the  present  Handbook.  The  following  value  corresponds  to  it: 

Da(HNO)»  I98,185  ±5  kcd/mole. 

NF  (gas).  The  dissociation  energy  of  the  NF  molecule  was  estimated 
from  the  mean  bond  energies  of  N-F  in  NF^  and  N-H  in  NH^  and  the  disso¬ 
ciation  energy  of  NH.  It  has  been  assumed  that  the  dissociation  ener¬ 
gies  of  NH  and  NF  are  proportional  to  the  mean  bond  energies  in  NH^  and 


A  value  of 


D,(NF)«6CJ:  Ucal/mole 


corresponds  to  the  value  obtained  i».  this  way;  it  has  been  accepted  in 
the  present  Handbook.  The  following  ’’alue  corresponds  to  it: 

NF,  ■» .)  *  71,036 ;h  10  kod/moie. 

Reese  and  Dibeler  [3415]  determined  the  potentials  at  which  the 
NF+  and  NF+2  ions  appear  in  NF,.  But  the  absence  of  data  on  the  ioniza¬ 
tion  energies  of  NF  and  NF^  do  not  permit  the  use  of  these  results  in 
calculations  of  the  heat  of  formation  of  these  radicals. 

NF^,.  The  heat  of  formation  of  NFg  may  be  calculated  from  uhe  ener¬ 
gy  of  rupture  of  the  NHN  bonds  in  the  NgF^  molecules.  A  calculation  of 
the  quantity  D(F2N-NF2)  on  the  basis  of  measurements  of  the  potentials 
at  which  the  NF+  and  NF+2  ions  appear  in  the  mass  spectrum  of  ^Fjj 
[266 la,  2011b]  yields  contradictory  and  unreliable  results  (30  and  53 
kcal,  respectively)  which  is  caused  by  the  ambiguous  interpretation  of 
the  mechanism  of  dissociative  ionization  of  NjPjj  in  the  mass  spectrome¬ 
ter  [1146a].  Colburn  and  Johnson  [1146a,  2260a]  measured  the  value  of 
DtFgN-NFg)  by  means  of  two  methods:  from  the  temperature  dependence  of 
the  ultraviolet  absorption  of  NgFjj  in  the  260 p  band  (where  the  NF2  ab¬ 
sorption  Is  assumed  to  take  place)  and  from  the  temperature  dependence 
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of  the  pressure  on  NjF^  at  constant  volume.  Both  methods  yielded  virtu¬ 
ally  equal  results,  on  the  basis  of  which  the  authors  of  paper  [2260a] 
recommend  for  D(F2N-NF2)  at  100° C  a  value  of  20.8  +  1  kcal/mole.  Using 
a  value  of  -2  +  2.5  kcal/mole  for  AH°f2-g  gas)  (according  to 

unpublished  data  of  Armstrong,  Marantz  and  Coyle),  Colburn  and  Johnson 
obtained  a  value  of  AH°f2^g  ^5(NP2,  gas)  «  9.4  kcal/mole.  Finally  Her¬ 
ron  and  Dibeler  [2011c],  in  mass-spectrometrical  investigations  of  the 
equilibrium  of  thermal  dissociation  of  NjF^,  obtained  a  value  of  21.5  + 
+1.6  kcal/mole  for  D(F2N-NF2)  in  the  interval  of  30-400°C,  which  leads 
to  a  value  of  AH°f2^g  ^5(^2*  gas)  *  9.8  +  2.1  keal.  Based  on  the  re¬ 
sults  of  the  papers  [11468,  2011c,  2260a]  we  choee  the  following  value 
for  the  present  Handbook: 

kcal/mole 

A  value  of 

D«(NF4«  1».433 ±3,0  kcal/mole 

corresponds  to  this  value  of  AH°f2^g  ^(NPg,  gas). 

NF-.  (gas).  Ruff  and  Wallauer  [3566]  measured  the  heat  of  explosion 
of  a  mixture  of  NFg  with  surplus  hydrogen  in  a  calorimetrical  bomb  and 
found  -166  +1.7  kcal/mole.  A  value  of  AH°f2gg  -^(NF^,  gas)  »  -26.6  +  2 
kcal/mole  corresponds  to  this  value. 

Armstrong,  Nargantz  and  Coyle  [567a]  burnt  a  mixture  of  NF^  with 
hydrogen  in  the  presence  of  water  and  obtained  for  the  heat  of  this  re¬ 
action  AH°2(jg  25  *  —205.3  +  3*2  kcal/mole  which  corresponds  to 
AH°f29g  25(11  gas)  *  -30.7  +  3*4  kcal/mole.  The  same  authors  [567a] 
measured  the  heat  of  combustion  of  NFg  in  a  surplus  of  ammonia  and 
found  ^H029g  25  *  -259.15  +1.0  kcal/mole,  which  corresponds  to 
AH°f29g  25^NF3»  gas)  *  -29.4  +2.1  kcal/mole.  Based  on  these  measure¬ 
ments,  Armstrong  et  al.  [567a]  recommend  a  value  cf 


!**)■■ —  28.7 -4-  1.8  kc*l  mole, 

which  has  been  accepted  in  the  present  Handbook.  The  following  value 
corresponds  to  it: 

Dt(NFa)  -  1 93,36 1;±  2,5  imm**. 

FNO  (gas).  Johnston  and  Bertin  [2287*  800]  measured  the  hfcit  of 
the  reaction  2N0  +  F„  =  2FN0  in  a  calorimeter  and  obtained  a  value  of 

4L 

aH298  15  “  -7^.8  +0.8  kcal/mole.  To  this  value  corresponds  a  heat  of 
formation  of  FNO,  equal  to  —15.8  kcal/mole.  In  the  same  paper  [800]  the 
absorption  spectrum  of  the  FNO  molecule  was  obtained  in  the  near  ultra¬ 
violet  and  the  dissociation  energy  of  FNO  in  the  excited  state,  with 
the  formation  cf  N0^£+)  and  F(^P),  was  found  to  be  equal  to  33*200 
cm-*.  But  since  the  energy  of  transition  of  FNO  to  the  excited  state  is 
unknown,  this  value  of  the  dissociation  energy  cannot  be  used  to  calcu¬ 
late  the  heat  of  formation  of  FNO. 

An  estimation  of  the  heat  of  formation  of  FNO,  based  on  the  as- 
sumption  that  the  dissociation  energies  of  the  bonds  F-N  and  N=0  in  the 
FNO  molecule  are  equal  to  the  dissociation  energies  of  the  molecules  of 
NF  and  NO,  leads  to  a  value  of  the  heat  of  formation  of  FNO,  equal  to 
—20  kcal/mole. 

In  the  present  Handbook  we  chose  a  rounded  value  of  the  heat  of 
formation, 

AW*/a».li(FNO,  8<»J=  —  16  I  kal/nole. 
calculated  from  Bertin' s  data  [2287].  A  value  of 

D,(FNO)  -  205,452  ±  1,1  kcal/mole. 

corresponds  to  the  accepted  value  of  the  heat  of  formation. 

NS  (gas).  There  exists  no  literature  on  experimental  Investiga¬ 
tions  of  the  dissociation  energy  of  the  NS  molecule.  A  linear  extrapo¬ 
lation  of  the  vibrational  levels  of  NS  in  the  ground  state,  from  con¬ 
stants,  given  in  Table  99*  yields  a  value  of  ~6.0  ev  (about  138  kcal/ 


/mole).  Since  in  the  case  of  NO  a  linear  extrapolation  yields  a  value 
higher  by  about  20%  than  the  true  dissociation  energy,  we  chose  in  our 
Handbook  a  value  of 


D,(N$)-  I15±20  kcal  /mole. 

The  following  corresponds  to  the  value  accepted: 

Air/,( NS.  *.)-5b,761±20  kcal^aote. 


TABLE  114 

Accepted  Values  (in  cal/mole)  of  the  Thermodynamic  Quanti¬ 
ties  of  Nitrogen  and  Its  Compounds  in  the  Gaseous  State 


-T_l  1 

*-'2 

Ail*/, 

Aif'/mt* 

AH'/mms 

N 

•  112818 

112874 

112861 

1456 

1481 

N* 

WM* 

4(8068 

450170 

4S0203 

1678 

1702 

m 

mm 

0 

0 

0 

2037 

2072 

"t 

Mill* 

358311 

360188 

360782 

2038 

2072 

N*  . 

220702 

118908 

11601! 

116000 

2160 

2202 

.  r«» 

ISO  043 

.*  21480 

21800 

21800 

2158 

2184 

no* 

nun* 

234887 

238323 

236347 

2038 

2072 

NO. 

221843 

8861 

8000 

8000 

2400 

2444 

m 

mm 

20334 

18128 

18514 

2243 

2288 

NH 

888(8 

81188 

81183 

81183 

2025 

2060 

'  NH, 

112800 

48808 

.  4?**3 

42320 

2335 

2375 

NH, 

218808 

-8374 

—11818 

-11000 

2358 

2400 

Nrff, 

406486 

28114 

22187 

22748 

2678 

2736 

HNO 

18815* 

81888 

24316 

24306 

2348 

•2388 

NF 

88888 

71036 

71041 

71042 

2060 

2097 

NF, 

138433 

10103 

8507 

8808 

2485 

2S44 

NF. 

188311 

-28325 

—28888 

—28788 

2764 

2827 

FNO 

208452 

-15428 

-15806 

-16800 

2508 

2558 

NS 

118888 

55  IT. 

5S824 

55815 

► 

2208 

2243 

a)  Values  given  for  the  ionization  potentials  of  the 
corresponding  neutral  molecules  or  atoms  of  nitrogen. 

1)  Substance;  2)  or. 
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[Footnotes] 


When  the  thermodynamic  functions  of  monatomic  nitrogen  had 
been  calculated,  a  paper  of  Eriksson  [1491]  was  publish'  i 
(see  also  [1491a])  in  which,  apart  from  improved  values  of 
the  well-known  energy  levels  of  the  N  atom,  also  a  series  of 
levels  is  listed  which  have  as  yet  not  been  observed  experi¬ 
mentally: 

TABLE 


1  CocToasae 


[  2 *JWK7pe4Ma*.uouvarypsu«* 

— 

WTSTKCTV* 

16CK8&  sec 

4 

c  a*epr««.j 

J  cu~l 

< 

i 

'•V# 

o 

1107.5,35  • 

$ 

..3!s-2pr  (lD)  Sp* 

-*•»/. 

6 

110710,95  | 

..2sV.??P)Sp 

6 

111905,80 

...2s*2p*(*P)5p 

4 

110853,26  ' 

...TsQf^Zsr 

**/, 

2 

116278,83  ' 

, 

*cv. 

10 

120140,44  . 

...2s=2p*(1/})5i' 

*fr/. 

8 

i2c;.;;  ' 

1)  State;  2)  electron  configuration;  3) 

term;  4)  statistical  weight;  5)  energy, 

-1 
cm  • 


2  2  ^ 

In  the  present  Handbook  the  energy  of  the  state  2s  2p  (  P)5p- 

2  2  2  *3 

•  D  was  assumed  to  be  equal  to  that  of  the  state  2s  2p  PJP)* 

4  — i 

•6s  P,  l.e.,  about  112,600  cm  ,  and  the  remaining  states, 
listed  above,  were  referred  to  the  corresponding  ionization 
limits.  The  improvement  of  the  energy  values  of  the  terms  of 
N  known  previously  that  was  achieved  in  paper  [1491]  does  not 
go  beyond  the  limits  of  2-6  cm-1.  An  exception  is  made  by  the 

terms  2s22p2(^P)4p1*P^y2,  ^P  and  ^*1/2*  for  whic>'  the  maxi” 

mum  deviation  in  the  energy  values,  compared  to  those  given 
in  Moore's  handbook  [2941],  amounts  to  132  cm-i. 

After  the  calculations  of  the  thermodynamic  functions  of  N 
had  been  finished  with  the  values  of  the  energy  levels  given 
in  Table  90,  Eriksson  published  his  results  of  investigating 

the  spectrum  of  N+  [1490].  The  table  of  level  energies  given 
in  paper  [1490]  is  more  complete  than  that  in  Moore's  hand¬ 
book  [2941],  the  excitation  energies  of  the  levels  3Pq,  ^P^, 

^P5,  and  with  the  electron  configuration  ls22s22p2 

^  _ 1 

differ  from  those  given  in  [2941]  by  0.4-1. 8  cm  ,  those  of 

the  levels  Is *2s2pJ  by  383  cm  and  of  the  levels  Is  2s* 

•2p^  by  6  cm-1. 
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In  the  past  two  years  two  new  band  systems  were  discovered  in 
the  N2  spectrum,  corresponding  to  the  forbidden  transitions 

a*  1£~ u  -  X1E+g  and  Y3E~U  -  X1!*  (see  pp.  672-673 )  - 

In  1934  Kaplan  and  Levans  [2322]  communicated  on  investiga¬ 
tions  of  the  band  systems  a^n  —  X^£+  ,  corresponding  to  v"  = 

6  o 

«  15-22.  Results  of  these  investigations  have,  as  far  as  we 
know,  not  been  published. 


For  a  long  time  the  numeration  of  the  'ibrational  levels  of 
2  + 

the  A  nu  state  of  the  M  2  molecule  was  the  subject  of  discus¬ 
sions.  Considering  the  fact  that  t.ie  0-0  band  of  the  system 
2  2  + 

A  n  --  X  E  g  was  not  observed  in  the  spectrum,  Bagaryatskiy 
anduFedorova  [78]  assumed  that  the  numeration  must  be  reduced 
by  one  as  compared  to  the  numet'ation  suggested  by  Meir.el 
[2843]  and  used  by  Douglas  [1370]  and  Janin  and  d'Incan 
[2214,  2215].  Nicholls  [3066]  assumes  that  the  absence  of  an 

2  2  +  + 

0-0  band  in  the  system  A  nu  —  X  £  of  the  N  2  molecule  in 

the  1. lu  range  can  be  explained  by  the  strong  absorption  of 
HyO  in  this  range.  Finally,  Lin  [2615],  conparing  miscalcu¬ 
lated  and  the  observed  isotope  mixture  in  the  bands  P.  E  — 

2  +  u 
—  X  E  .  showed  that  the  numeration  of  the  vibrational  levels 

g  2 

of  the  A  nu  state,  suggested  by  Meinel  [2843]  and  used  in  the 
present  Handbook  is  correct. 


After  the  choice  of  the  molecular  constants  of  N+2  and  the 

calculation  of  the  thermodynamic  functions,  Carroll  published 

a  paper  [1064],  devoted  to  investigating  the  C  E  u  —  X  E 

system,  obtained  in  high  resolution.  Based  on  the  analysis  of 
15  bands,  Carroll  determined  the  values  of  AGv+1/,2  Bv  *or 

v'  =  0-6.  The  values  of  AGv+^/2»  obtained  in  paper  [1064]  are 

in  satisfactory  agreement  with  those  calculated  from  the  con¬ 
stants  accepted  in  the  present  Handbook  (the  maximum  devia¬ 
tion  does  not  exceed  4  cm-1),  whereas  the  value  of  BQ  * 

»  1.5098  differs  essentially  from  that  given  in  Table  94. 


There  also  exist  higher  states  of  NO  [3927,  t,->,  3902,  3932] 
which  form  a  Rydberg  series;  but  their  excitation  energies 
exceed  100,000  cm— 1  so  that  these  states  are  not  considered 
in  the  present  Handbook. 

According  to  Mulliken  [2982]  (see  also  [950])  the  NO  molecule 
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686** 

688* 

688** 

086 


h 

must  have  another  stable  state  (  n)  with  an  excitation  energy 

of  about  4.5  ev  (about  36,000  cm-1).  Berstein  and  Herzberg 
[761a],  however,  did  not  discover  in  the  NO  spectrum  a  band 
system  connected  with  this  state.  Based  on  investigations  of 
the  N0C1  absorption  spectrum  in  the  ultraviolet  range.  Good- 
eve  and  Katz  [1795a]  suggested  an  excitation  energy  of  about 

8000  cm-1  for  the  \  state  of  the  NO  molecule.  Finally,  in 
I960,  Broida  and  Peyron  [976a]  assumed  that  the  bands,  ob¬ 
served  in  an  Ar  matrix,  containing  N0  and  0o  impurities,  at  a 

temperature  of  4.2°K,  may  be  referred  to  the  transition  n  — 

2 

—  X  n  of  the  NO  molecule,  and  estimated  the  excitation  energy 

of  the  state  as  equal  to  4.7  ev.  Obviously,  it  is  at  pre¬ 
sent  impossible  to  recommend  any  reliable  values  of  the  mo¬ 
lecular  constants  of  NO  in  this  state,  so  that  it  is  not  ta¬ 
ken  into  consideration  in  the  following  calculations. 

The  8-system  was  previously  also  investigated  in  the  absorp¬ 
tion  spectrum  in  a  series  of  papers  [2587,  2911,  3929,  3902]. 
But  in  these  papers  the  interpretation  of  the  bands  was  ei¬ 
ther  wrong  [2587,  2911]  or  not  quite  unambiguous  [3902, 

3929]. 

In  I960  Dedzsi  [1287a]  observed  bands  in  the  emission  spec¬ 
trum  of  active  nitrogen  which  he  interpreted  as  the  bands  7- 
16,  7-18  and  7-19  of  the  8-system  of  NO.  Based  on  an  analysis 
of  the  breakoff  of  the  rotational  structure  of  the  gamma 
bands,  Dedzsi  obtained  the  limiting  curve  of  dissociation  and 

found  Dn(NO)  =  53,226  +  300  cm-1.  With  this  value  of  the  dis- 
u  —  2 

sociatlJn  energy,  the  potential  curves  of  the  states  B  n  and 

2  +  1 
E  must  intersect  at  v*  >  7,  i.e.,  it  becomes  possible  to 

observe  sands  of  the  8-system  which  correspond  to  v'  =  7 

(see,  however,  the  footnote  to  p.  763). 

In  paper  [2036]  the  wavelengths  of  the  edges  of  observed 
bands  of  the  6-system  were  measured  and  the  values  of  B  were 
calculated  for  vf  =  0-4. 

It  had  been  suggested  [2037]  to  consider  the  c-bands  as  a 
continuation  of  the  Y-system  for  which,  as  Indicated  above, 
bands  with  v"  >  3  were  not  observed  in  the  emission  spectrum. 

2  + 

But  later  on  It  was  shown  that  D  E  is  an  independent  state. 

Recently  Dedzsi  and  Matrai  [1288]  observed  the  bands  2-9  and 
2-8  of  the  c -system  in  the  emission  spectrum  and  snowed  that 
these  bands  can  be  described  satisfactorily  by  the.  moleqular 
constants,  calculated  by  Ogawa  [3114]  <«£  ■■  *327,  —  *3,  »*  —  IJN. 

o'  *  0.018  cm-1). 
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The  potential  curves  of  the  stable  electron  states  of  NH,  ob¬ 
served  in  the  spectra,  are  shown  in  Pig.  2  (see  p.  62). 

After  we  had  chosen  the  molecular  constants  of  NH  for  the 
present  Handbook,  Dixon  published  a  paper  [1353]  levoted  to 
the  analysis  of  the  rotational  structure  of  the  bands  0-0  and 

3  3  — 

1-0  of  the  system  AJn^  —  XJE  of  tne  NH  molecule,  photo- 

f  raphe d  in  high  resolution.  Using  the  data  obtained  by  Funke 
1628]  for  the  1-1  band  of  this  system,  Dixon  calculated  the 

following  values  of  the  constants  (in  cm-1):  B"q  =  16.3454, 

B’0  «  16.3221,  o'^  =  0.646,  a\  =  0.744,  D"0  =  1.685-10-3, 

D*0  =  1.758-10-3,  AG"1/2  =  3125.6  and  AG‘1/2  =  3034.00.  The 

constants;  given  in  Table  99,  are  of  low  accuracy  but  are  in 
satisfactory  agreement  with  these  values.  In  Dixon's  paper 

3  — 

the  constants  of  multiplet  splitting  of  the  state  X  E  (x  = 

*  0.928;  m  =  —0.053  cm- ^)  and  the  constant  of  spin-orbital 

coupling  in  the  state  An.  (A  =  —35*02  cm  )  were  also  deter¬ 
mined. 

It  had  once  been  assumed  [612,  613]  that  the  N02  molecule 
were  linear;  this  assumption  was  refuted  in,  e.g.,  Herzberg’s 
monograph  [152], 

Besides  the  data  obtained  as  a  result  of  his  own  investiga¬ 
tions  Bird  used  data,  previously  obtained  by  MacAfee  [2685, 
2686]  and  reinterpreted  by  himself,  in  order  to  calculate  the 
constants. 

Recent  [1851b,  2703a]  quantum  mechanical  calculations  of  the 
NO^  molecule  yielded  values  of  xcitation  energies  of  lower 

electron  states  which  agree  essentially  with  those  accepted 
in  the  present  Handbook. 

After  the  choice  of  the  molecular  constants  and  the  calcula¬ 
tion  of  the  thermodynamic  functions  of  N20  for  the  present 

Handbook,  a  paper  of  Tidwell,  Plyler  and  Benedict  [3989b]  was 
published  in  which  the  vibrational  and  rotational  constants 
of  N-,0  were  considerably  improved  and,  in  particular,  the 

constants  of  anharmor.icity ,  y^^,  and  the  constants  yik  of 

interaction  between  vibration  and  rotation  were  determined. 

A  calculation  of  the  fundamental  frequencies  of  NF2,  recom¬ 
mended  by  Schatz  [3608]  (fd  =  4.36*10^;  fdd  =  0.67*10'',  fQ  = 

=  1.02-105;  f  =  1.02-10-5;  fda  =  0.34-105  dyne/cm),  leads  to 
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values  which,  within  the  above  limits  of  error,  agree  with 
those  given  in  the  present  Handbook. 

When  the  present  chapter  had  been  finished,  Harmoni  et  al. 
[1956a]  published  a  paper  devoted  to  the  investigation  of  the 
infrared  spectrum  and  structure  of  NF5.  The  following  values 

were  obtained  in  paper  [1956a]:  v,  =  1074,  =  935  cm  and 

4F-N-F  *  104°. 2.  1  5 

Schatz  and  Levin  [3610],  investigating  the  absolute  intensi¬ 
ties,  also  obtained  values  of  the  fundamental  frequencies  of 
NF^  which  are  similar  to  those  found  in  papers  [4297,  3161]. 

Wagner  and  Bulgozdy  [4123],  based  on  investigations  of  the 
temperature  dependence  of  the  spectra  (with  both  the  in¬ 

frared  spectrum  and  the  Raman  spectrum) ,  came  to  the  conclu¬ 
sion  that  the  trans configuration  is  r.ore  stable  and  that  the 
transconfiguration  must  be  in  equilibrium  with  the  two  iso¬ 
meric  gauche  configurations  of  hydrazine.  In  a  recent  paper 
of  Giguere  and  Liu  [1735]  a  temperature  dependence  of  the 
spectrum  could  not  be  observed  and  the  authors  suggested  to 
explain  the  results  obtained  by  Wagner  and  Bulgozdy  [4123] 
by  the  appearance  of  hydrogen  bonds  in  condensed  phases. 

The  microwave  spectrum  of  was  obtained  in  paper  [2460] 

but  a  spectrum  analysis  was  not  carried  through. 

Based  on  the  structural  parameters  of  N2Hi<  recommended  in  pa¬ 
per  [1739],  Scctt,  Oliver,  Gross  and  Hubbard  [3667]  calcu¬ 
lated  the  following  values  of  the  moments  of  inertia:  IA  ■ 
-3.688  10-^, 3.533 /C-04W10-"  arid  I  =  1.53-10^°  g-cm2. 

The  application  of  newer  data,  obtained  by  Eriksson  [1491] 
(see  p.  663)  in  the  calculation  of  the  thermodynamic  func¬ 
tions  of  N  does  not  cause  changes  in  the  values  of  <t*T,  ex¬ 
ceeding  X0%  of  the  errors  given. 

An  exception  is  made  by  the  thermodynamic  functions  of  N, 
given  in  the  book  by  Vukalovich  et  al.  [137]  up  to  3000°C  and 
differing  from  those  calculated  in  the  present  Handbook  by 
0.02-0.03  cal/g-atom*deg  in  the  entropy  values. 

Owing  to  this  the  improvement  of  the  molecular  constants  in 
2  + 

the  state  C  Z  ,  achieved  by  Carroll  [1064]  (see  footnote  to 

p.  679),  is  inessential  in  the  calculation  of  the  thermody¬ 
namic  functions  of  N+2* 
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7*18  When  the  calculation  of  the  thermodynamic  functions  of  N02 

for  the  present  Handbook  had  been  finished,  Gordon  published 
a  paper  [1817a]  in  which  the  thermodynamic  functions  of  N02 

were  calculated  fcr  the  temperatures  between  298.15  and  6000° 
K.  The  calculation  in  Gordon’s  paper  was  made  according  to 
the  Pennington-Kobe  method  (see  p.  2C5),  using  molecular  con¬ 
stants  of  N02  which  are  in  essential  agreement  with  those  ac¬ 
cepted  in  the  present  Handbook  (see  T.'ble  101).  In  the  calcu¬ 
lation  of  [1817a]  a  correction  for  the  interaction  between 
rotations  and  vibrations  was  taken  into  account,  not  so  the 
centrifugal  distortion.  Moreover,  in  Gordon’s  calculation  the 
excited  electron  states  of  N02  were  not  taken  into  account 

which  chiefly  causes  an  increase  with  temperature  of  the  de¬ 
viations  of  the  quantities  given  in  Table  98  (II)  from  Gor¬ 
don's  values,  up  to  2.1  cal/mole*deg  at  6000°K  in  the  case  of 
the  values  of  S0^. 

749  Following  Kassel  [2332],  Ribaud  [3426]  gives  the  thermodynam¬ 

ic  functions  of  N20  up  to  1500°K,  taking  tne  nuclear  spin  in¬ 
to  account,  which  contributes  R  In  9  =  4.366  cal/mole*deg  to 
the  values  of  <J>*T  and  S°T,  while  the  table  of  4**^  was  bor¬ 
rowed  from  Kassel  [2332]  and  the  table  of  S°T  was  obviously 

calculated  in  the  approximation  of  the  harmonic  oscillator- 
rigid  rotator  model. 

753  In  view  of  the  nonuniform  changes  of  the  first  differences  in 

the  values  of  S°T  in  the  interval  4oo-900°K  in  paper  [1350] 

it  can  be  assumed  that  an  error  was  admitted  in  the  calcula¬ 
tion  of  these  values,  which  may  reach  0.05-0.06  cal/raole-deg. 

76l  Based  on  theoretical  considerations,  Singh  [3744]  obtained  a 

value  of  113  kcal/mole  for  the  heat  of  formation  of  N^. 

763  As  mentioned  on  p.  685,  Degzsi  [1287a],  analyzing  the  break- 

off  of  the  rotational  structure  of  the  y-bands  in  the  NO 

spectrum,  obtained  a  value  of  Dg(NO)  =  53,266  +  300  cm-1 

(6.60  +  0.04  ev).  Using  th  is  value,  one  obtains  AH°f2^g  ^ 

(NO,  gas)  =  19.3  +  0.9  kcal/mole,  which  does  not  agree  with 
the  value  of  21.6  +  1  kcal/mole,  accepted  in  the  present 
Handbook.  The  data  available  at  present  do  not  yet  permit  us 
to  draw  final  conclusions  as  to  the  reliability  of  the  values 
of  Dg(NO),  obtained  in  paper  [1287a]. 
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Ellison  [1159a]  estimated  a  value  of  DQ(NH)  *  3*61  ev  (83.3 
kcal/mole)  which  Is  in  goou  agreement  with  the  value  accepted 
in  the  present  Handbook. 


Chapter  15 


Phosphorus  And  Its  Compounds 

(P*  p2»  P0»  p4°8*  P4^10*  pp*  PF^,  POP3, 

PCI,  PC13,  PC15,  P0C13,  PS,  PN) 

Three  main  allotopic  modifications  of  solid  phosphorus  are  known: 
white,  red  and  black  phosphorus.*  The  transformations  of  solid  phospho¬ 
rus  modifications  into  others  and  the  properties  of  the  individual  mod¬ 
ifications  have  been  investigated  in  numerous  works  (see  the  handbooks 
(4365,  3717>  4070]).  Jacobs  [2199]  measured  the  heat  of  reaction  of  dif¬ 
ferent  modifications  of  solid  phosphorus  with  bromine  in  a  solution  of 
carbon  disulfide.**  The  results  of  these  measurements  showed  that  under 
normal  conditions,  the  crystalline  black  phosphorus  is  the  thermodynam¬ 
ically  most  stable,  red  phosphorus  is  less  stable  and  white  phosphorus 
the  least  stable.  Nevertheless,  the  a-raodlficatlon  of  white  phosphorus, 
which  Is  formed  by  condensation  of  phosphorus  vapor,  has  been  used  as 
the  standard  state  of  phosphorus  in  the  literature  and  the  present  hand¬ 
book.  The  thermodynamic  properties  of  phosphorus  in  the  solid  and  liquid 
states  are  not  discussed  in  the  handbook  because  the  boiling  point  of 
phosphorus  is  relatively  low  (55^ °K,  according  to  [3894]). 

The  main  components  of  phosphorus  vapor,  P,  Pg  and  P^,  are  discus¬ 
sed  in  this  handbook.  According  to  the  mass-spectrometric  study  [2376], 
small  quantities  of  the  molecule  P3  and  Pg  are  also  present  in  phospho¬ 
rus  vapor. 

The  main  oxides  of  phosphorus,  the  pentoxide,  dioxide  and  trlcxide 
exist  in  the  solid  state  under  normal  conditions  and  their  chemical  com- 
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position  Is  described  by  the  formulae  PgO^,  P02  and  P2°3;  the  ’xclecu:Lar 
composition  of  these  compounds  Is  described  by  the  formulae  P^01Q,  P^Og 
and  P^Og.  The  most  stable  phosphorus  oxide  13  the  pent oxide.  Three  poly¬ 
morphous  forms  of  solid  phosphorus  pentoxlde  are  known  [2075].  An  ex¬ 
perimental  Investigation  of  the  thermodynamic  properties  of  phosphorus 
pentoxlde  in  the  solid  and  gaseious  states  has  been  carried  out  by  Frand- 
sen  [1595J. 

Only  the  gaseous  pentoxlde,  dioxide  and  trioxide,  of  phosphorus 
(Pj|°lQj  P^Og,  P^Og)  are  discussed  in  the  present  Handbook  and  also  the 
most  important  product  of  their  dissociation  at  high  temperatures,  the 
radical  PO. 

The  literature  contains  indications  concerning  the  existence  of 
other  compounds  cf  phosphorus  with  oxygen:  the  intermediate  products 
of  the  oxidation  of  phosphorus,  P^O,  P^Og  and  others  [266,  2851  369, 
1246-1248]  and  the  peroxide  compounds  POg  and  PgOg  [4365,  3717].  These 
compounds  are  not  very  stable,  however,  and  the  data  presented  in  the 
Handbook  are  sufficient  for  calculating  the  composition  and  thermodynam¬ 
ic  properties  of  the  system  phosphorus-oxygen  at  high  temperatures. 

Of  the  compounds  of  phosphorus  with  hydrogen  only  the  radical  PH 
is  discussed  in  the  Handbook.  The  hydrides  of  phosphorus  known  under  nor¬ 
mal  conditions,  phosphine  PHg  and  diphosphine  PgH^,  are  highly  unstable 
compounds  (the  thermodynamic  properties  of  PHg  and  PDg  are  presented 
in  the  works  [451,  4365,  3900a  and  3314a]).  The  not  very  staole  compound 
PHg  can  exist  under  certain  conditions  [3361,  3363>  2689a],  whose  pro¬ 
perties  have  not  yet  been  investigated. 

The  phosphoric  acids  (HgP<fy,  HPOg,  etc. )  are  not  discussed  in  the 
Handbook,  because  these  compounds  are  known  only  in  the  condensed  states 
and  are  completely  decomposed  upon  evaporation  into  water  vapor  and  the 
corresponding  phosphorus  oxide. 
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The  following  compounds  of  phosphorus  with  fluorine  are  discussed 
in  the  Handbook:  PF,  PFg,  PF^>  PFy  POF^  and  the  compounds  of  phospho¬ 
rus  with  chlorine:  PCI,  PCl^,  PCljj  and  POCly  The  mixed  compounds  of 
phosphorus  with  fluorine  and  chlorine  are  not  very  stable  and  have  been 
much  less  investigated.  The  data  presented  in  the  Handbook  are  sufficient 
for  calculating  the  compositions  and  thermodynamic  properties  of  the 
phosphorus-fluorine  (or  chlorlne)-oxygen  system. 

The  simplest  compounds  of  phosphorus  with  nitrogen,  PN,  sulfur,  PS, 
and  carbon,  CP  (see  Chapter  21)  are  also  discussed  in  the  Handbook. 

§  54.  MOLECULAR  CONSTANTS 

2i 

P.  In  the  basic  electronic  state  S^2  the  Phosphorus  atom  has  the 

2  2  6  2  ^ 

following  electronic  configuration:  Is  2s  2p  3s  3P  • 

Table  115  presents  the  energy  levels  of  the  phosphorus  atoms  cor¬ 
responding  to  the  indicated  electronic  configuration,  in  accordance  with 

the  handbook  of  Moore  [2941].*  The  following  electronic  state  of  the 

4 

phosphorus  atom,  P^,  corresponding  to  the  electronic  configuration 
ls22s22p^3s23p24s  has  the  energy  of  55939-23  cm"*.  This  and  the  higher 
energy  levels  of  the  phosphorus  atom  are  not  discussed  in  the  present 
Handbook. 


Pg.  In  studies  of  the  spectra  of  diatomic  phosphorus  it  has  been 

found  that  the  molecule  P0  has  five  stable  electronic  states:  X^z"4", 

2  g 

A1^,  B1^,  C  and  D  (see  Table  116). 

1  +  1  + 

The  system  of  bands  B  2L-X  2  situated  in  the  wavelength  region 

o  ® 

2000-3300  A  is  the  most  easily  studied.  It  has  been  first  detected  by 
Oeuter  [1704]  in  the  emission  spectrum  of  Pg.  An  analysis  of  the  vibra¬ 
tional  structure  of  this  system  has  been  carried  out  first  by  Yakovleva 
[48l]  who  studied  the  fluorescence  and  absorption  spectra  of  phosphorus 

vapor  on  a  medium-dispersion  spectrograph.  Later  on  the  band  system 
2  +  1  + 

BZ^-XZg  was  investigated  on  the  basis  of  the  emission  spectra  of  Pg 
in  the  works  [2015,  2231,  573,  2031,  2765,  2764,  2766,  3829a,  3389].* 

A  detailed  investigation  of  the  band  system  B1z4‘-X*z*  was  carried 
out  by  Herzberg  [2015]  on  the  basis  of  data  obtained  by  him  on  a  quartz 
spectrograph  and  a  two-meter  vacuum  spectrograph  with  diffraction  grat¬ 
ing  and  also  on  the  basis  of  spectra,  obtained  by  Yakovleva  [48lj  and 
Jenkins  and  Ashley  [2231].  The  vibration  constants  of  Pg  in  the  states 

lx  1  j. 

B  I  and  X  2  which  are  presented  in  the  book  of  Herzberg  [2020]  and 

**  O 

in  the  handbook  [649]  were  determined  In  the  work  [2015]  on  the  basis 
of  the  band  edges,  corresponding  to  v'  «=  0,  1,  ...,  11,  and  v"  =  4,  5, 

. ..,  32.  The  bands  corresponding  to  v'  =10  and  11,  in  the  work  [2015] 
were  obtained  with  a  resolved  rotational  structure  for  the  study  of  pre- 
dissociation  in  the  system  B'i‘zt-X1z*  and  the  determination  of  the  dls- 

**  o 

sociation  energy  of  the  molecule  Pg  (see  §56). 

The  rotational  structure  of  the  band  system  B^zt-X^z*  nas  keen  stu- 

vi  o 

died  later  by  Ashley  [573],  G.  Herzberg,  L.  Herzberg  and  Milne  [2031], 
Rao  [3389],  Marais  [2764,  2765]  and  Marais  and  Verleger  [2766],  in  the 
work  of  Marais  [2764,  2765]  and  Marais  and  Verleger  [2766].  The  best 
resolution  of  the  rotational  structure  of  the  bands  was  achieved,  which 
made  it  possible  to  Investigate  the  perturbations  of  the  rotational  lev- 


els  In  the  state  and  to  determine  with  greater  accuracy  the  values 

of  the  rotational  constants  of  Pg  in  the  states  X1^  and  B1 2^. 


TABLE  116 

Accepted  Values  of  the  Molecular  Constants  of  Pg  and  PO 


Mojwitjraa 

r*  1 

V.  | 

1 

D,-ir.» 

COCTOUM 

A  ‘ 

.  B 

* 

C  *r< 

A 

X*2+ 

0 

780,4275 

m 

0,00187 

0,18854* 

1.855  • 

» 

a*ol  i 

34515,34 

818,88 

2.07* 

0,00180 

— 

1,9883 

•  P. 

a*2+ 

46030,33 ' 

475,2217 

0,24185 

0,00185 

— 

2,122 

c* 

50480 

828* 

— 

■  — 

— 

— 

— 

If 

mm 

800 

3,5 

— 

**- 

— 

•— 

vn. 

0* 

1233,42 

8,57 

_ 

0,7331 

m 

1,03* 

1,4730 

♦ . 

19500**  “ 

1400* 

— 

— 

- 

» 

— 

JP1+ 

30841,01 

1186,2 

14,10 

0,7476 

— 

1,482 

. 

vmtn 

1381,18 

«.» 

0,7301 

m 

— 

1,4313 

,  **° 

IPS*  . 

47236 

750 

5 

*.  _  — 

.  — 

— _ 

em* 

48718* 

48745* 

<1100 

— 

'  — 

— 

— 

- 

_  “  i  • 

£:PA)“ 

48757,5* 

48854.7* 

1301 

— 

— 

— 

— 

— 

r 

1457,0* 

•— 

0,792 

m 

1.420 

a  -  a  o>e.ye  =  -0. 00533  cm"1. 

b  —  6  Calculated  by  means  of  Formula  ( 1.36a). 
c  —  b  Calculated  by  means  of  Formula  (1.38)  in  which  it  was 
assumed  oe  s  AG-j/g. 

d  -  -  cu>  y  =  0.0235  cm“l. 

c  c 

e  —  n  The  value  is  given. 

f  —  e  The  type  of  state  is  unknown. 

e  -  X  Aq  —  224.03,  p  =  0.0073  cm"1. 

h  -  3  The  value  of  T0  is  given, 
i  —  m  Estimate. 

k  —  k  The  type  of  state  has  not  been  determined  uniquely. 

A)  Molecule;  B)  state;  C)  cm"1. 


Marais  [2?64,  2765]  and  Marais  and  Verleger  [2766]  obtained  the 
system  of  the  bands  B1zJ-x12^  in  the  third  and  fourth  order  of  a  curved 
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diffraction  grating  with  a  dispersion  of  0.85  and  O.65  A/mm,  respect¬ 
ively.  The  13  bands  (5-20,  5-21,  6-21,  6-23,  7-23,  7-24,  8-27,  8-28, 

9- 29,  10-29,  10-31,  11-31)  were  analyzed  in  the  work  [2766]  and  the 
12  bands  (3-16,  4-17,  4-18,  6-22,  7-27,  8-25,  8-26,  8-29,  9-27,  9-30, 

10- 30,  11-32)  in  the  work  [2764].  L.  Herzberg  and  Milne  [2031]  determin¬ 
ed  the  zero  lines  of  the  bands  0-5,  0-6,  0-7,  2-15  and  3-16  in  the  work 
[2766]  on  the  basis  of  the  measurement  results  of  G.  Herzberg.  On  the 
basis  of  all  these  results  Marais  and  Verleger  [2766]  calculated  the 
excitation  energy  of  the  electronic  state  B^z*  and  the  values  of  the 
vibrational  constants  of  Pp  in  the  states  X12+  and  B^z*.  The  latter  dif- 

O  “ 

fer  slightly  from  the  values  of  the  corresponding  magnitudes,  found  by 
Herzberg  [2015]  on  the  basis  of  the  band  edges.  The  values  of  the  vi¬ 
brational  and  rotational  constants  of  P->  in  the  states  X^z*  and  B*Z*, 
determined  by  Marais  and  Verleger  [27 66],  lave  been  used  in  the  present 
Handbook  and  are  presented  in  Table  116. 

Douglas  and  Rao  [1379]  in  1958  detected  the  existence  of  the  stable 
electronic  state  A^IIg  in  the  Pp  molecule,  which  has  a  smaller  excitation 
energy  than  the  state  B1^.  These  researchers  obtained  the  emission 
spectrum  of  phosphorus  vapor  (being  present  in  helium  in  small  quantity) 

O 

on  an  apparatus  with  a  dispersion  of  0.32  A/mm.  Among  a  large  number  of 
bands  of  the  system  B^Z^-X^Zg,  five  previously  not  observed  Intense  bands 
1-0,  0-0,  0-1,  0-2  and  0-3  belonging  to  the  system  A^II  -X^Z+,  were  de- 

o  8 

tected.  The  rotational  structure  of  these  five  bands  was  analyzed  in  de¬ 
tail  and  the  positions  of  the  individual  lines  determined  up  to  J  =  65, 
in  the  work  [1379]-  On  the  basis  of  this  analysis,  Douglas  and  Eao  cal¬ 
culated  the  molecular  constants  of  P0  in  the  states  X^z*  and  A^n  .  The 

2  _g  g 

values  of  the  molecular  constants  of  P0  in  the  state  XAz+,  found  in  the 

^  g 

work  [1379]  are  close  to  the  values  of  the  corresponding  constants,  pre¬ 
sented  in  Table  116  (o>e  =  780.89;  oexe  =  2.820;  %ye  =  -0.00511; 


u 


£e  =  0. 30359 i  ax  «  0.001477;  og  «  -S^-ICT6™"1,  re  =  1.8931  A). 

The  constants  ^f  Pg  in  the  state  A1ng,  determined  by  Douglas  and 
Rao,  were  used  in  the  present  Handbook  and  are  presented  in  Table  116. 

In  contrast  to  the  earlier  investigations  of  the  spectrum  of  Pg, 
Douglas  and  Rao  [1379]  analyzed  the  bands  corresponding  to  the  transi¬ 
tions  to  the  lower  levels  of  the  vibrational  energy  of  the  state 
(v"  =  0,  1,  2,  3).*  Hence  the  value  of  the  vibrational  constants  of  Pg 

for  the  state  X12+  found  in  the  work  [1379 j  approximate  the  experimen- 

g 

tal  values  of  the  lower  levels  of  the  vibrational  energies  of  this 
state  more  closely  than  the  constants,  determined  by  Herzberg  [2015] 
and  Marais  and  Verleger  [2766].  The  values  of  G(v)  for  the  high  levels 
of  the  vibrational  energy  of  Pg  (v  >  10)  in  the  ground  electronic  state 
approximate  equally  satisfactorily  the  vibrational  constants,  proposed 
in  the  works  [2015,  2766,  1379].  Extrapolation  of  the  levels  of  the 
vibrational  energy  of  Pg  to  the  dissociation  limit  on  the  basis  of  the 
vibrational  constants,  recommended  by  Herzberg  [2015]  leads  to  values 
of  vuiax  =  106  and  GQ(106)  =  44,487  cm”1,  while  vmax  =  107  and  GQ(107)  = 
=  44,343  cm-1  correspond  to  the  vibrational  constants,  found  by  Douglas 
and  Rao  [1379].  The  experimental  value  of  the  dissociation  energy  o. 

Pg,  based  on  investigations  of  predissociation,  has  been  found  by  Herz¬ 
berg  [2015],  as  being  40,590  ±  30  cm-1  (see  §56). 

For  molecules  which  are  isosteric  with  Pg  (Ng,  PN,  SiS,  A1C1)  elec¬ 
tronic  states  Xn,  analogous  to  the  electronic  state  A^IIg  of  the  Pg  mole¬ 
cule,  discovered  by  Douglas  and  Rao,  are  also  known  [13793-  For  some 
of  them,  however,  (Ng,  SiS,  A1C1),  electronic  states  with  a  lower  exci¬ 
tation  energy  are  known.  Hence,  the  possibility  of  the  existence  of 
stable  electronic  states  of  Pg  with  a  lower  excitation  energy  than 
A^n  ,  which  have  not  yet  been  detected  in  the  spectrum  of  this  mole- 
cule,  cannot  be  excluded. 
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The  emission  spectrum  of  P2  in  the  Schumann  region  has  been  stu¬ 
died  by  Dressier  [1402,  1403].  This  author  found  two  new  systems,  sit- 

O 

uated  within  the  wavelength  range  of  1680-1760  and  1500-1530  A.  By- 
means  of  the  edges  of  the  R-branches  of  the  bands  in  this  system  Dress¬ 
ier  established  that  they  correspond  to  transitions  with  previously 
unknown  electronic  states  of  P2  with  high  excitation  energies  (states 
C  and  D)  into  the  basic  electronic  state  X1zt.  The  data  obtained  by 

o 

Dressier  for  these  electronic  states  of  P2  are  presented  in  Table  116. 
P0.  The  basic  electronic  state  of  the  P0  molecule  is  the  state 

O 

H  .  The  existence  of  seven  stable  excited  electronic  states  (see  Table 
r  * 

o  .  2  + 

116)  of  which  only  two  states,  B  2  and  C  2T  have  been  studied  in  as 
much  detail  as  the  basic  state  is  known.  Band  systems  of  P0  have  been 

ptp  p  4. 

observed  in  the  visible  region  of  the  spectrum  (A  z  -XT n  ,  E-B  27 
E,-B22+),  in  the  ultraviolet  region  (B22-X2nr  or  the  p-Rystem,  C2z'r- 
X2flr  or  7-system)  and  in  the  Schumann  region  (B2Z+-X2nr,  E-X2^, 

p-x2nr). 

The  molecular  constants  of  P0  in  the  basic  electronic  state  were 
determined  in  the  investigations  on  the  $  and  y  band  systems.  These 
band  systems  were  first  observed  by  Geuter  [1704]  and  Petrikaln  [3230, 
32313,  who  drew  attention  to  their  great  similarity  with  the  p-  and 
Y-systems  of  the  NO  bands,  for  which  reason  they  were  given  the  same 
designations  in  the  literature.  Later  on  the  p-system  of  the  PO  bands 
was  Investigated  by  Curry,  L.  Herzberg  and  G.  Herzberg  [1235],  Rama- 
nadham,  Rao  and  Sastry  [3351 L  Dressier  [1402],  and  Singh  [3747];  the 
Y-systew  by  Ghosh  and  Ball  [1705],  Sen-Gupta  [3684]  and  Rao  [3397]. 

The  p  and  y  systems  of  the  PO  bands  were  obtained  with  maximum  resolu¬ 
tion  in  the  works  [3747,  3397]  on  apparatuses  with  a  dispersion  of 
0.35  A/ram.  In  the  p-system  [3747],  the-  rotational  structure  could  be 
analyzed  only  for  three  bands  (0-0,  0-1,  and  1-1)  while  in  the  Y-system 
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[3397]  an  analysis  of  the  rotational  structure  was  carried  out  for- 
seven  bands  (0-0,  0-1,  1-0,  1-2,  2-1,  2-3,  2-4).  Ihe  values  found  by 
Rao  [33973  for  the  molecular  constants  of  PO  in  the  X2nr  state,  are 
used  in  the  present  Handbook  and  are  presented  in  Table  116.  They  are 
in  good  agreement  with  the  values  of  the  corresponding  values,  found 
by  Singh  [3747]  as  a  result  of  the  analysis  of  the  rotational  structure 
of  the  three  bands  of  the  p-system.*  Similar  values  of  the  vibrational 
constants  (o>"  =  1232.5,  <u"x"  *=6.5  cm”*)  were  found  by  Dressier  [1402] 

C  v  v 

on  the  basis  of  measurement  of  the  edges  and  an  analysis  of  the  con¬ 
tours  of  24  bands  in  the  p-system.  Less  accurate  values  of  the  vibra¬ 
tional  constants  of  PO  in  the  x2nr  state  were  determined  earlier  In 
the  works  [1235,  3351,  17053  on  the  basis  of  the  edges  of  the  bands  in 
the  p-  and  Y-systems.  Prior  to  publication  of  the  works  [3397,  3747), 

the  rotational  constants  of  PO  in  the  A  state  were  known  only  on 

r 

the  basis  of  an  analysis  of  the  rotational  structure  of  the  bands  In 
the  Y-syatem,  carried  out  by  Sen-Gupta  [3684].  The  values  of  the  ro¬ 
tational  constant  Be,  found  by  Sen-Gupta  (Be(2IIi)  »  O.7613,  = 

«  0.7645  cm”1)  differ  by  far  from  the  values  obtained  by  Rao  [33973  and 
Singh  [3747].  '10  showed  that  this  difference  Is  due  to  the  systematic 
errors  committed  in  the  work  [3684]  during  the  determination  of  in¬ 
dividual  line  positions  in  the  bands  of  the  y~  system  and  during  the 
analysis  of  their  rotational  structure. 

Rumpf  [35673  observed  in  the  spectrum  of  the  green  luminescence, 
which  accompanies  the  cold  oxidation  of  phosphorus,  a  system  of  bands, 
situated  in  the  region  3260-6500  A.  He  measured  the  positions  of  the 
edges  on  14  bands  of  this  system  and  arranged  them  formally  in  two  Des- 

landres  schemes,  which  can  be  reunited  by  a  shift  of  approximately 
—1 

530  cm  .  Hence  Rumpf  suggested  that  the  PO  bands  observed  by  him  are 
due  to  transitions  from  two  close  electronic  states  (Vqq  «*  19,024  and 
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19#571  cm"'1’)  to  the  ground  state.  This  suggestion  made  by  Rumpf*  with 
regard  to  the  possibility  of  the  existence  of  two  closely  adjoining 
electronic  states  of  PO  with  an  excitation  energy  of  about  19,000  cm”1 
is  not  reliable  because  the  PO  spectrum  in  the  work.  [3567]  had  been 
obtained  on  an  apparatus  with  low  dispersion  and  its  analysis  was  car¬ 
ried  out  in  a  formal  manner  without  taking  into  account  that  owing  to 

2 

a  splitting  of  the  X  nr  state  bands  with  differently  graduated  edges 
are  present  in  the  PO  spectrum. 

Analogous  defects  in  the  investigation  of  the  3-system  of  PO  in 

the  work  [3351]  led  its  authors  to  the  conclusion  that  the  upper  states 

2  2 

of  this  system  are  two  close  electronic  states  2  and  n  with  excita¬ 
tion  energies  T  **  30260. 8  and  30606.5  cm-1.  In  reality,  the  upper  state 

2  + 

of  the  3-system  in  the  PC  bands  is  the  B  2  state  with  an  excitation 
energy  of  Tg  =  30841.61  cm”1  as  has  bean  shown  by  Dressier  [1400]  and  Singh 
[3747].  Comparison  with  other  diatomic  molecules,  whose  electron  shells 
are  similar  in  structure  to  the  electron  shell  of  PO,  does  not  provide 
any  basis  for  assuming  that  the  PO  molecule  has  two  close  electronic 
states  with  excitation  energies  of  the  order  of  19,000  cm”1.  The  mole¬ 
cule  S1F  is  the  most  similar  to  the  PO  molecule  in  the  structure  of 

the  electron  shell.  According  to  the  data  in  Table  201,  the  first  ex- 

2  + 

cited  electronic  state  of  the  Si?  molecule  is  the  A  2  state  with 
—1 

Te  =  22858.4  cm  ,  to  which  apparently,  corresponds  the  electronic  state 
of  PO  with  an  excitation  energy  of  about  19,000  cm”1,  discovered  by 
Rumpf. 

In  the  present  Handbook  it  has  been  assumed  that  the  first  excited 

2  + 

electronic  state  of  the  PO  molecule  is  the  A  2  state  in  analogy  with 
the  A22+  state  of  SiP  with  an  excitation  energy  TQ  =  19,500  ±  500  cm”1. 
The  last  value  has  been  estimated  on  the  basis  of  a  comparison  between 
the  values  of  vQ0,  found  for  this  state  by  Rumpf  [35c7]  (see  above)  with 
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the  values  of  T  ,  ascribed  to  the  a~z'  state  in  the  work  L335U  and 
the  values  of  T  for  the  B22+  state,  found  in  the  works  [1402,  37473 .* 

V 

2  4- 

The  value  of  AG^  of  the  PO  molecule  in  the  A  2  state,  presented  in 
Table  116,  has  been  determined  by  Rumpf  [35673  on  the  basis  of  anal¬ 
ysis  of  the  vibrational  structure  of  the  band  system  A224-X*TI  >  car¬ 
ried  out  by  him. 

2  + 

The  molecular  constants  of  PO  in  the  electronic  state  B  2 ,  pre¬ 
sented  in  Table  116,  are  based  on  the  results  of  an  analysis  of  the 
rotational  structure  of  the  bands  0-0,  0-1,  1-1  of  the  0-system,  ob¬ 
tained  by  Singh  [37473 >  and  on  the  results  of  an  analysis  of  the  vi¬ 
brational  structure  of  this  system,  carried  out  by  Dressier  [1402].** 

2  + 

The  values  of  the  vibrational  constants  of  PO  in  the  state  B  2 
presented  in  Table  116  were  calculated  by  Dressier  on  the  basis  of  the 
approximate  values  of  the  lines  of  24  bands  in  the  p  system  in  excel¬ 
lent  agreement  with  the  values  AGi  *=  1137.41  cm"'1',  obtained  by  Singh. 

2  2  + 

The  values  of  the  remaining  constants  of  PO  in  the  B  2  state,  pre¬ 
sented  in  Table  116,  are  based  on  the  results  of  the  analysis  by  Singh. 

2  + 

The  values  of  the  molecular  constants  of  PO  in  the  C  2  state  pre¬ 
sented  in  Table  116  were  determined  by  Rao  [3397 J  on  the  basis  of  an 
analysis  of  the  rotational  structure  of  the  bands  in  the  gamma  system. 

p  i 

The  vibrational  constants  of  PO  in  the  C  2  state  (o>‘  =  1391.O,  co *x*  = 

v  v  v 

=  7.65  cm-1)  had  been  determined  previously  by  Ghosh  and  Ball  [17053 
on  the  basis  of  the  band  edges  in  the  y-system  and  the  rotational  con¬ 
stants  (Be  =  0.8121,  ct^  -  O.OO56  cm"1)  by  Sen-Gupta  [36843.  The  great 
difference  in  the  values  of  the  rotational  constant  Bg,  found  for  PO 
in  the  state  C  2  in  the  works  [3684,  33973  is  due  to  errors  in  the 
measurements  and  analysis  of  the  rotational  structure  of  the  y-3ystem 
of  the  PO  bands  committed  in  the  work  [3684]. 

The  electronic  states  of  the  molecule  PO  with  higher  excitation 
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energies  (states  D22+,  E,  E'  and  F)  were  detected  by  Dressier  [1402] 
and  Durga  and  Rao  (1422]  during  a  study  of  the  PO  spectrum  In  the 
Schumann  and  visible  regions  of  the  spectrum.  Within  the  wavelength 
intervals  of  1970-2140,  2050-2170  and  1820-1930  A,  Dressier  found  three 
doublet  systems  of  P0  bands,  corresponding  to  transitions  from  the  pre¬ 
viously  not  investigated  excited  states  of  PO  in  the  ground  state 
X'-flj,.  Dressier  could  not  determine  the  type  of  these  electronic  states 
in  consequence  of  the  low  dispersion  of  the  apparatus.  He  designated 
them  by  the  letters  C,  D  and  E.  In  Table  116,  the  corresponding  states 
are  designated  by  the  letters,  D,  E  and  F.  The  data  on  the  states  D 
and  F  presented  in  Table  116  were  obtained  by  Dressier  on  the  basis  of 
an  analysis  of  the  band  systems  D  -*■  X2Hr  and  F  -*■  X?TI  .  The  problem  of 
the  type  of  electronic  states  D,  E  and  F  was  not  discussed  in  the  work 

[1402].  It  is  assumed  in  Table  116  that  the  D-stat.e  of  the  PO  molecule 
2  + 

is  a  2  state  on  the  basis  of  the  analogy  filth  the  corresponding  state 

of  SiF  (3ee  Table  201).  The  molecular  constants  of  PO  in  the  two  close 

doublet  excited  states  E  and  E'  presented  in  Table  116  were  obtained 

were  obtained  by  Durga  and  Rao  [1422]  as  a  result  of  an  analysis  of  the 

band  systems  E  «■»  B22+  and  E'  B22+,  situated  in  the  visible  region  of 

the  spectrum.  In  the  opinion  of  the  author  of  the  work  [1422],  the 

2 

states  E  and  E*  are  A-states. 

PH.  The  spectrum  of  the  molecule  PH  is  very  similar  to  the  spec¬ 
trum  of  NH  but  has  been  studied  in  considerably  less  detail.  As  in 

■3  _ 

the  case  of  NH,  the  ground  electronic  state  of  PH  is  the  state  X^Z  . 

On  the  basis  of  a  study  of  the  spectrum,  the  existence  of  two  excited 

1  3 

electronic  states  of  PH  has  been  established :  b  Z  and  A-'Hj, .  It  is 
assumed  In  the  present  Handbook,  in  analogy  with  NH,  that  the  molecule 
*‘H  can  also  exist  in  the  excited  electronic  states  a1A  and  c^H. 

The  spectrum  of  the  molecule  PH  has  been  investigated  in  detail 


-  790 


in  the  wavelength  range  of  3200-3500  A,  in  which  the  bands  l  «-  0 
[2586a]  and  0  -+  0  [1704,  3210,  2191,  2192]  of  the  system  A3n±-X32“ 
are  situated.  The  spectrum  of  PH  has  been  investigated  in  less  detail 
in  the  visible  region  (5000-5700  A)  where  the  band  system  b1^”-^3^” 
is  situated  [2670].  For  the  molecule  PD,  only  the  band  0-0  of  the  sys¬ 
tem  A3n1-X32”  has  been  investigated  [2191,  2192], 

TABLE  117 


Accepted  Values  of  the  Molecular  Constants  of  PH,  PF,  PCI,  PS  and 
PN 


Mom* 

KfM  * 

A 

Cacroii  mm 

B 

r. 

•A 

IV 10* 

'« 

A 

PH 

Xttr 
«(*>•  ° 

A*n, 
c(*n>*  c 

o*. 

HO?  1 

17880  , 
29321,$* 6 

40000*  b 

238C^b 

.T  .  f 

1833,78* 

4/ 

8,554 

8,2819 

0,284 

0,4728 

430 

5W*g 

1.4208 

• 

1,447 

PF 

x<*zf  c 

0 

* 

rp 

— 

0.58*b 

— 

— 

1,60*  b 

PQ 

X(*I)*  c 

O' 

Wb 

— 

0,24?  b 

—  ' 

2,05?b 

r 

x*n, 

B? Of 

0Ph 

22170 

22270 

34587 

738.5  . 

sto 

535.5 

3.0 

3,5 

0.2Kd 

o,ard 

— 

0,178^ 

l,82*k 

~  k 

2,03* 

•PN 

XXZ* 

a* n  • 

0 

38688,53 

1337,34 

1103,08 

8,083 

7,222 

0,78621 

0,73071 

5.57-10"* 
6,63*  10** 

1,09*1 

1,29*1 

1.4860 

1,5424 

a  -  e  »  +0.733;  y  =  -0.078  cm"1, 
b  —  Estimate. 

c  —  The  type  of  state  has  not  been  determined  unequivocally, 
d  —  The  value  of  the  constant  By  is  given. 

e  —  Aq  =  —115.67  cm"1. 

f  —  The  value  of  is  given. 

g  -  De  o  5-23-10"4;  pj  =  0.85-10"4  cm"1. 

h  —  Aq  =  321.4  cm"1. 

i  -  Calculated  by  means  of  the  formula  (1.36a). 

Vc  —  The  value  of  r0. 

A)  Iolecule;  B)  state;  C)  cm"1. 
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The  values  adopted  in  the  Handbook  let*  the  vibrational  constants 
of  PH  In  the  X^s"  state  (see  Table  117)  were  estimated  by  Khachkuruzov 
[44l]  on  the  basis  of  diagrams  showing  the  corresponding  constants  of 
the  molecules  of  the  diatomic  hydrides  as  a  function  of  the  number  of 
electrons  in  the  external  electron  shell.  The  summary  of  Herzberg 
[2020]  and  the  Handbook  [6493  give  only  the  value  s  2380  cm"*1,  es¬ 
timated  by  Pearse  [3210]  by  means  of  the  approximate  relation  (1.36a). 
The  values  of  the  rotational  constants  of  PH  in  the  state  of  pre¬ 
sented  in  Table  117  have  been  calculated  in  the  work  [44l]  by  means 
of  the  relations  [1.43]  on  thebasis  of  the  values  of  the  constant  BQ 
of  the  molecules  PH  and  PD,  obtained  by  Ishaq  and  Pearse  [2191,  2192] 
as  a  result  of  an  analysis  of  the  rotational  structure  of  the  band 
0-0  of  the  system  A^II^  —  X^z".  The  values  of  the  constants  V  e  and  y, 
presented  in  Table  117  for  the  X^z"  state  of  PH,  were  also  determined 
in  these  investigations. 

On  the  basis  of  the  analogy  with  the  NH  molecule  it  has  been  as¬ 
sumed  in  the  present  Handbook  that  the  first  excited  electronic  state 
of  PH  is  the  1A  state  with  an  excitation  energy  of  about  9000  cm"1 
(see  Table  99  and  117).  The  uncertainty  in  the  adopted  value  of  the 

excitation  energy  of  the  a1  A  state  of  PH  is  estimated  to  be  +  1000  cm"1 

The  results  of  the  investigation  of  the  emission  spectra  of  PH  in 

the  visible  region  [2670]  and  the  comparison  with  the  system  of  elec¬ 
tronic  states  of  the  NH  molecule  (see  Table  99)  attest  to  the  fact 
that  the  second  excited  electronic  state  of  the  PH  molecule  Is  the  1x" 
state  with  an  excitation  energy  of  17,860  cm"1  (see  Table  117).  The 
emission  spectrum  of  PH  in  the  visible  region  has  been  detected  by 
Ludlam  [2670]  during  investigation  of  the  flame  spectra  of  a  mixture 
of  the  vapor  of  white  phosphorus  and  hydrogen.  In  the  wavelength  range 
5000-P700  A  he  observed  three  diffuse  bands  with  centers  at  19,615, 
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19,044  and  17,860  cm-1.  On  the  basis  of  the  partial  analysis  of  the 
rotational  structure,  carried  out  in  the  work  [2670],  it  was  found  that 
these  bands  are  due  to  transitions  of  PH  from  the  12”  state  to  the  X3X“ 
state.  However,  it  was  not  possible  to  analyze  the  vibrational  struc¬ 
ture  of  the  b^S'-X^T  system  in  [2670].  The  value  of  the  constant  BQ  in 
the  molecule  PH  in  the  state  b1^"  presented  in  Table  117  is  based  on 
the  results  of  the  analysis  of  the  rotational  structure  of  the  bands  in 
this  system  [2670].  The  error  in  it  is  +0.08  cm"’*’.  The  uncertainty  in 
the  values  for  the  excitation  energy  of  the  b-^Z”  state  of  PH  used  in 
Table  117  has  been  estimated  as  +1000  cm**1. 

The  molecular  constants  of  PH  in  the  A3^  state  were  determined 

in  the  works  [3210,  1741,  1006,  2191,  2192]  on  the  basis  of  an  analysis 
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of  the  rotational  structure  of  the  band  0-0  in  the  system  A  11^  —  X  X 
and  in  the  work  [2586a]  on  the  basis  of  an  analysis  of  the  rotational 
structure  of  the  bands  1-0  and  0-0  of  the  same  system.  Pearse  [3210] 
analyzed  27  branches  of  the  band  0-0,  corresponding  to  the  transi¬ 
tions  between  the  states  A3^  and  X32-  and  found  that  the  A3^  state 
of  PH  is  intermediate  between  the  Hund  cases  a  and  b  with  regard  to 
the  type  of  spinorbltal  coupling.  The  ex  tation  energy  of  the  state 
A3^  given  in  Table  117  is  the  v0Q  of  the  (^(l)  line  of  the  0-0  band, 

found  for  th-  system  A3^  —  X3zf  in  the  work  [3210],  The  magnitude 
of  the  constant  of  the  spin-orbital  coupling  of  PH  in  the  A3!^  state 
has  been  detemined  with  the  greatest  accuracy  by  Legay  [2566a]  on 
the  basis  of  an  analysis  of  the  rotational  structure  of  the  bands 
1-0  and  0-0  in  the  system  A3^  —  X3z”  and  calculation  of  the  pertur- 

o 

bations  in  the  position  of  the  energy  levels  of  PH  in  the  state  A-^/ 
caused  by  the  influence  of  the  other  electronic  states.  The  values  of 
the  molecular  constants  of  PH  in  the  state  A3^,  given  in  Table  117/ 
were  selected  on  the  basis  of  data  recommended  in  the  work  [2586a]. 

The  existence  of  an  excited  elec,  ?onic  state  c^TI  with  an  exci¬ 
tation  energy  of  the  order  of  40,000  cm”1  is  indicated  in  Table  117. 
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The  existence  of  this  electronic  state  of  PH  is  assumed  in  the  pre¬ 
sent  Handbook  on  the  basis  of  the  analogy  with  NH  (see  Table  99) •  The 
error  in  the  values  of  the  excitation  energies  of  the  c1]!  state  of  PH 
given  in  Table  117  can  be  assumed  to  be  about  +  1000  cm”1. 

PF,  PCI.  The  spectra  of  the  PF  and  PCI  molecules  have  not  been 
observed.*  Nonetheless,  a  comparison  of  the  analysis  results  obtained 
on  the  spectra  of  other  diatcmic  molecules  makes  it  possible  to  pre¬ 
dict  the  type  of  ground  electronic  state  of  PF  and  PCI  and  the  prob¬ 
able  values  of  the  molecular  constants. 

The  ground  electronic  state  of  the  PF  and  PCI  molecules  should 
be  of  the  same  type  as  in  the  isosteric  molecules  0^,  SO,  S2,  NH,  NF 
and  PH,  i.e.,  it  should  be  the  state. 

Comparison  of  the  molecular  constants  of  the  diatomic  fluorides 
and  chlorides  of  the  elements  of  the  Periodic  Groups  II  and  III  and 
consideration  of  the  experimental  data  for  the  corresponding  bonds  in 
the  monoatomic  fluorides  and  chlorides  of  the  same  elements  allow  of 
the  conclusion  that  the  vibration  frequencies  and  interatomic  dis¬ 
tances  of  the  molecules  PF  and  PCI  are  close  to  the  values  for  these 
magnitudes  in  the  molecules  S1F  and  SiCl,  respectively  (see  Table  210) 
and  that,  in  any  case,  they  should  be  intermediate  between  the  values 
of  the  corresponding  constants  for  SiF  and  SF  in  the  case  of  PF  and 

for  SiCl  and  SCI  in  the  case  of  PCI.  the  values  cf  the  constants  oi 

e 

and  re  for  the  molecules  PF  and  PCI  determined  by  this  method  has  been 
used  in  the  present  Handbook  and  are  given  in  Table  117 . 

The  uncertainty  in  the  values  of  u>e  for  the  molecules  PF  and  PCI 
presented  in  Table  117  is  estimated  to  be  +  30  cm”1,  and  in  the  val¬ 
ues  of  rg  as  +0.02  and  +0.5  ,  respectively. 

PS.  The  bands  of  the  PS  molecule  were  first  observed  by  Dressier 
ard  Miescher  [1403]  in  the  discharge  spectrum  of  helium  containing 
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small  additions  of  vapor.  An  investigation  of  the  spectrum  of  PS 
has  been  carried  out  by  Dressier  [1402]  on  an  apparatus  with  medium 
dispersion.  Two  systems  of  doublet  bands  of  PS,  situated  in  the  wave¬ 
length  region  2720-3090  and  4240-5940  A*  have  been  described  in  the 
work  [1402].  Dressier  measured  the  edges  of  the  bands  in  these  systems 
(corresponding  to  v'  £  5  and  vtt  ^  7)  and  the  distances  between  the 
edges.  On  the  basis  of  these  data  he  analyzed  the  vibrational  struc¬ 
ture  of  both  systems  and  found  that  the  lower  state  of  PS  in  both 
systems  is  the  same.  Dressier  pointed  out  that  this  state  should  be 
the  ground  electronic  state  X^II  of  the  PS  molecule.  He  determined  the 
approximate  magnitude  of  the  constant  of  the  spin-orbital  interactions 
of  PS  in  the  state  A,  and  also  carried  out  a  partial  analysis  of 
the  rotational  structure  of  the  bands  of  one  of  the  systems.  The  va¬ 
lues  of  the  molecular  constants  found  by  Dressier  in  the  work  [1402] 
are  given  in  Table  117 . 

The  electronic  ground  state  of  the  molecule  PS  should  be  the 
2 

state  nr,  because  this  is  the  ground  state  of  all  isosteric  molecules 

(PO,  NO,  NS,  SiP,  CC1,  SiH,  etc.).  The  types  of  excited  electronic 

o 

states  of  PS,  whose  transitions  to  the  state  XT n  were  observed  in  the 

r 

work  [1402],  but  have  not  been  detezmined  in  this  work.  In  the  pre¬ 
sent  Handbook  these  states  are  regarded  as  A2A  and  TZpR  states  on  the 
basis  of  the  analogy  with  the  NS  molecule  (see  Table  99). 

PN.  The  electronic  ground  state  of  the  molecule  PN  is  the  state 
X^x.  Only  one  band  system  A^n  —  X1^  situated  in  the  wavelength  region 
2400-3000  A  has  been  investigated  in  the  PN  spectrum.  The  emission  of 
this  band  system  has  been  investigated  by  Curry,  L,  Herzberg,  and  G. 
Herzberg  [1235] >  and  Ghosh  and  Datta  [1706],  and  the  absorption  by 
Moureu,  Rosen  and  Wetroff  [2964]. 

1  1 

The  most  detailed  investigation  of  the  band  system  An  —  X^x 
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of  the  molecule  PN  has  been  carried  out  by  Curry,  L.  Herzberg  and  G. 
Herzberg  [1235]  on  the  basis  of  spectrograms  obtained  in  the  first 
and  second  order  of  a  diffraction  grating  with  a  mean  dispersion  of 
5.7  and  2.8  A/mm.  The  authors  of  the  work  [1235]  observed  32  bands 
in  the  system  A*n  —  X^Z,  corresponding  to  v'  <  9  and  v"  10.  The 
rational  structure  has  been  completely  resolved  and  analyzed  only  for 
siz  bands  (0-0,  0-1,  0-2,  1-0,  1-2  and  1-3) ,  only  the  position  of  the 
edges  having  been  measured  for  the  other  26  bands  in  the  work  [12353- 
These  results  enabled  the  authors  of  the  work  [1235]  to  calculate  the 
rotational  constants  of  PN  in  the  states  X^Z  and  A^n  and  to  determine 
the  zero  lines  of  the  bands  with  unresolved  rotational  structure.* 

The  results  of  the  investigations  on  the  band  system  A1!!  -  X1Z 
of  the  molecule  PN,  obtained  by  Curray,  L,  Herzberg  and  G.  Herzberg 
were  confirmed  in  the  works  [1706,  2964]  in  which  this  band  system 
had  been  obtained  with  considerably  less  resolution  than  in  the  work 
[1235].  Ghosh  and  Datta  [1706]  measured  the  edges  of  23  bands  in  the 
system  A^H  —  X^Z  of  the  PN  molecule  in  emission  and  carried  out  an 
analysis  of  its  vibrational  structure.  Moureu,  Rosen  and  VJetroff 
[2964]  investigated  the  absorption  spectrum  of  phosphorus  paranitride 
(?nNn,  solid)  vapor  in  the  wavelength  region  2000-8000  A,  in  which 
they  found  the  bands  0-0,  0-1,  1-0  and  2-1  of  the  system  A^Ti  —  X*Z 
of  the  PN  molecule.  The  correctness  of  the  assumptions  made  by  the 
authors  of  the  works  [1235#  1706]  concerning  the  fact  that  the  state 
X^z  is  the  electronic  ground  state  of  the  PN  molecule,  has  been  prov¬ 
ed  in  the  work  [2964]. 

The  values  of  the  molecular  constants,  found  by  Curry,  L.  Herz¬ 
berg  and  G.  Herzberg  [1235],  which  are  presented  in  Table  117,  have 
been  adopted  in  the  present  Handbook  for  the  states  X*z  and  A1!!  of 
the  PN  molecule.  Identical  values  for  the  molecular  constants  were 
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recommended  in  the  monographs  of  He rz berg  [2020]  and  in  the  Handbook 

[649]. 

Pjj.  The  Px  molecule  has  the  structure  of  a  regular  tetrahedron, 
in  the  comers  of  which  the  four  phosphorus  atoms  are  situated  (point 
symmetry  group  Td).  The  structure  of  the  molecule  has  been  deter¬ 
mined  as  a  result  of  the  analysis  of  the  spectra  of  phosphorus  (white 
phosphorus  [1903],  a  solution  of  white  phosphorus  in  CSg  [1903*  764], 
liquid  phosphorus  [4078]  and  its  vapor  [19033)  and  electrondiffraction 
invest  igatioii^  [2817]. 

The  molecule  P^  has  three  basic  frequencies  v^,  Vg,  of  the 
symmetry  types  A,  E  and  Fg.  All  three  frequencies (v^  is  polarized, 
v2  and  are  depolarized)  are  active  in  the  Raman  spectrum.  In  the 
infrared  spectrum  only  the  frequency  is  active. 

The  Raman  spectrum  of  liquid  phosphorus  has  been  investigated  by 
Venkateswaran  [4C78]  who  determined  the  values  of  all  three  fundamen¬ 
tal  frequencies  of  the  P^  molecule,  presented  in  Table  118.  The  Raman 
spectrum  of  phosphorus  vapor  has  not  been  studied. 

The  infrared  spectrum  of  phosphorus  vapor  was  obtained  by  Gutowsky 
and  Hoffman  [1903]  on  the  prism  spectrometer  in  the  region  400-1200 
cm"1,  la  which  they  observed  five  absorption  bands  with  maxima  at 
464.5,  910,  1075,  1150  and  1173  cm"1,  identified  by  them  as  the  fol¬ 


lowing  fundamental  frequencies  of  the  P^  molecule:  v^,  2v^,  v1  ~  v^, 
and  2Vg  +  v^. *  The  infrared  spectrum  of  white  phosphorus  and  01  so¬ 
lutions  of  white  phosphorus  in  CSg  were  investigated  in  the  works 
[1903,  764].  The  results  of  these  studies  confirmed  the  values  of  the 


fundamental  frequencies  cr  the  molecule,  determined  in  the  work 
[4078]  and  adopted  in  the  present  Handbook.  Pistorius  [3250b]  calcu¬ 
lated  the  approximate  values  of  +  2x^1  +  xi2  =  604  cm”"L,  + 

+  l/2x10  =  381  cm1  and  ox.  «  506  cm"1,  on  the  basis  of  data  in  the 
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works  [4078]  and  [1903]  on  the  fundamental  frequencies,  overtones  and 
composite  frequencies  of  the  molecule. 

The  basic  structural  parameter  of  the  tetrahedral  molecule  is 
the  length  of  the  P-P  bond.  An  electron  diffraction  study  on  phospho¬ 
rus  vapor,  carried  out  by  Maxwell,  Hendricks  and  Mosley  [2817],  led 
to  the  value  rp_p  -  2.21  +  0.02  A,  which  has  subsequently  not  been 
improved.  It  has  been  used  in  the  calculation  of  the  products  of  the 
principal  inertia  moments  of  the  P^  molecule,  quoted  in  Table  118. 

TABLE  118 


Adopted  Values  of  the  Molecular  Constants  of  Pu, 
p4°6'  p4°8  and  P4°10 


IbOMUM  £ 

p*  ! 

PA 

PA 

PA. 

»«.  W1 

606(1) 

613(1) 

424(1) 

V,.  M'1 

3«(2) 

613(1) 

— 

721(1) 

Tfc  or1 

«S(3) 

465(2) 

— 

1417(1)  I 

»«.  CM-' 

— 

1029(2) 

— 

yu  or* 

— 

370(3) 

— 

»i.  or* 

— 

568(3) 

— 

*1.  cmt* 

— 

302(3) 

— 

300(3) 

ur* 

— 

407(3) 

— 

450(3) 

v*.  cm-* 

— 

•43(3) 

— 

600(3) 

CM~* 

— 

•19(3) 

— 

257(3) 

»11.  M*1 

— 

_ 

— 

329(3) 

*tu  CM-* 

— 

— 

559(3) 

»B*  CM"*  • 

— 

— 

764(3) 

»«.  CM-* 

— 

— 

1033(3) 

Mm.  CM-* 

— 

— 

— 

1386(3) 

10-»  *.c* 

IS  800 

478500 

1.23*10* 

3,00*10* 

«  B 

12 

12 

2 

12 

A)  Constant;  B)  g^.cm^. 


P^Og.  X-ray,  electron  diffraction  and  spectroscopic  Investiga¬ 
tions  have  shown  that  phosphorus  trloxide  in  all  states  of  aggrega¬ 
tion  consists  of  P^Og  molecules  belonging  to  the  point  symmetry  group 
T^.  The  molecule  P^Og  **as  1°  basic  frequencies:  the  frequencies  and 
v2  of  the  fully  symmetrical  vibrations  of  type  A^,  the  frequencies 
and  Vji^  of  the  doubly  degenerate  vibrations  of  type  F,  the  frequen¬ 
cies  Vj.  and  Vg  0f  the  triply  degenerate  vibration.'-  of  type  F-^  and  the 
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frequencies  v^,  Vg,  and  v1Q  of  the  triply  degenerate  vibrations  of 
type  Pg.  All  the  fundamental  frequencies  of  P^Og,  with  the  exception 
of  Vj.  and  Vg  are  active  in  the  Raman  spectrum,  while  only  the  fre¬ 
quencies  v^,  Vg,  Vg  and  v1Q  are  active  in  theinfrared  spectrum. 

The  Raman  spectra  of  liquid  and  solid  phosphorus  trioxide  have 
been  studied  by  Gferding,  Brederode  and  Decker  [1682].  In  the  Raman 
spectrum  of  liquid  phosphorus  trioxide  they  observed  eight  lines  which, 
in  correspondence  with  the  measurement  results  on  their  intensity  and 
polarizability,  were  identified  with  the  nine  basic  frequencies  of 
the  ?^0g  molecule.  The  most  Intense  and  practically  fully  polarized 
line  at  613  cm-1  in  the  work  [1682]  is  identical  with  the  frequencies 
v^  and  Vg,  whose  values  are  believed  to  le  very  similar.  The  weakest 
line  at  370  cm-'1'  is  identical  with  the  frequency  v^.  The  observation 
of  this  line  in  the  Raman  spectrum  was  possible  because  of  the  pre¬ 
sence  of  fairly  strong  molecular  interactions  in  liquid  phosphorus 
trioxide.  The  other  six  lines  in  the  Raman  spectrum  of  liquid  phos¬ 
phorus  trioxide  were  identified  by  Gerdlng,  Brederode  and  Decker  with 
the  frequencies  v^,  v^,  v^,  Vg,  and  v1Q  of  the  P^Og  molecule.  Com¬ 
parison  of  the  basic  frequencies  of  the  molecules  P^Og  and  SFg  led 
the  authors  of  the  work  [2682]  to  the  conclusion  that  the  values  of 
the  frequencies  and  Vg  of  the  molecule  P^Og  are  closely  similar 
to  the  values  of  the  fundamental  frequencies  of  the  same  type  of  the 
SFg  molecule,  equal  to  363  and  523  cm-1. 

The  infrared  spectrum  of  liquid  phosphorus  trioxide  has  been  stUf- 
died  by  Sidorov  and  Sobolev  [3733  in  the  region  of  430  to  4000  cm-'1' 
by  means  of  a  prism  spectrometer.  11  weak  bands  were  recorded  in  the 
work  [3733*  Two  of  these  were  identified  with  the  fundamental  fre¬ 
quencies  and  Vg  of  the  P^Og  molecule  and  the  other  bands  with  the 
composite  frequencies  and  the  overtones  of  P40g.  Quite  unconvincing  is 
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the  identification  of  the  very  weak  band  at  568  cm-1  with  the  fre¬ 
quency  2v-^  in  the  interpretation  of  the  infrared  spectrum  of  phos¬ 
phorus  trioxide  proposed  in  the  work  [3733-  Most  satisfactory  is  the 
identification  of  this  band  with  the  frequency  v-,  which  can  be  ob¬ 
served  in  the  infrared  spectrum  of  liquid  phosphorus  trioxide  by  vir¬ 
tue  of  the  strong  molecular  interactions.  This  identification  agrees 
with  the  fact  pointed  out  by  Gerding,  Brederode  and  Decker  [ 1682 J 
that  tha  frequency  Vg  should  have  a  value  close  to  5 25  cnTA  ana  a .lows 
of  a  more  satisfactory  identification  of  the  bands  in  the  infrared 
spectrum  of  P^Og  with  centers  at  1188  and  1471  cm“ 1  with  the  frequ¬ 
encies  Vg  +  Vg  and  Vg  +  vio‘* 

The  vibrational  spectra  of  phosphorus  trioxide  vapor  have  not 
been  studied. 

The  values  of  the  fundamental  frequencies  of  the  P^Og  molecule 
adopted  in  the  present  Handbook  are  presented  in  Table  118.  For  the 
frequency  Vg  the  above  Indicated  value,  based  on  the  data  of  the 
work  [373]  for  theinfrared  spectrum  of  liquid  phosphorus  trioxide 
have  been  used.  For  the  other  fundamental  frequencies  of  the  P^Og 
molecule,  the  values  determined  in  the  work  [1682]  as  a  result  of  an 
Investigation  of  the  Raman  spectrum  of  liquid  phosphorus  trioxide, 
were  used. 

The  phosphorus  atoms  in  the  P^Og  molecule  are  arranged  at  the 
comers  of  a  regular  tetrahedron  and  are  bound  to  each  other  not  dir¬ 
ectly  but  via  oxygen  atoms  which  are  arranged  symmetrically  in  the 
interspace  between  two  neighboring  phosphorus  atoms  (see  Appendix  3, 
Pig*  55)*  Maxwell,  Hendricks  and  Deming  [2816J  and  Hampson  and  Stoslck 
[1944]  investigated  the  structure  of  the  molecule  F^Og  on  the  basis 
of  electron  diffraction  measurements.  The  most  reliable  results  were 
obtained  by  Hampson  and'Stosick,  according  to  whom  the  tasic  strue- 
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tural  parameters  of  the  P^Og  molecule  have  the  following  values: 
rp_Q  =  1.65  +  0. 02,  rp_p  =  2.95  +  0.03  A,  /?  -  0  -  P  *  127*5  ±  3°, 

3  /  0  -  P  -  0  =  9S  +  3°. 

The  value  adopted  in  Table  118  for  rheproduct  of  the  principal 
inertia  moments  of  P^Og  were  calculated  on  the  basis  of  the  above 
presented  values  of  the  structural  parameters  for  this  molecule. 

P)jOg.  The  composition  of  the  molecule  of  phosphorus  dioxide  has 
been  determined  on  the  basis  of  measurements  of  the  vapor  density  of 
P02,  obtained  by  West  [4211]  and  Bnmet  and  Schultz  [l48lj.  The  data 
of  West  have  been  interpreted  in  the  works  [4365#  917]  as  attesting 
to  the  existence  of  a  PgO-^g  molecule  while  the  data  of  Etamet  and 
Schultz  are  interpreted  by  these  researchers  and  in  the  works  [4365 » 
3717]  as  Indicating  the  existence  of  the  P^Og  molecule.  The  composi¬ 
tion  of  phosporus  dioxide  vapor  is  evidently  complex  and  can  vary, 
depending  on  investigation  conditions,  within  wide  limits. 

-  ^  In  the  works  [3717 »  9173  and  in  the  present  Handbook,  the  gas¬ 

eous  phosphorus  dioxide  is  regarded  as  a  product  of  the  thermal  de¬ 
composition  of  gaseous  phosphorus  pentoxide  intermediate  between  P^O^q 
and  P^Og.  In  correspondence  with  this  it  Is  assumed  that  gaseous  phos¬ 
phorus  dioxide  consists  of  P^Og  molecules,  formed  by  combination  of 
two  oxygen  atoms  with  the  tetrahedral  skeleton  P^Og  (see  Appendix  3# 
Pig.  56).  At  the  same  time,  as  in  the  case  of  the  molecule  P^Ojq*  the 
P  —  0  bonds,  entering  into  the  composition  of  the  P^Og  structure,  are 
regarded  as  ordinary  and  these  formed  by  the  combination  of  oxygen 
atoms  with  P^Og,  as  double  bonds.  Such  a  molecule  should  belong  to 
the  point  symmetry  group  0g. 

The  spectra  of  phosphorus  dioxide  have  not  been  studied.  The 
P^Og  molecule  has  30  vibrational  degrees  of  freedom.  The  frequencies 
corresponding  to  these  have  not  been  estimated  because  the  vibrational 

n 
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components  of  the  thermodynamic  functions  of  gaseous  F^Og  can  be  more 
satisfactorily  accounted  for  on  the  basis  of  the  vibrational  compon¬ 
ents  of  the  thermodynamic  functions  of  Q  and  PfOg  (see  Page  828). 

The  product  of  the  princl 'al  moments  cf  inertia  of  the  P^Og  mol¬ 
ecule,  presented  in  Table  118,  were  calculated  by  means  of  the  for¬ 
mulae  (P3*59)  on  the  basis  of  the  above- indicated  model  and  the  val¬ 
ues  of  the  structural  parameters,  adopted  in  the  present  Handbook  for 
the  m°lecule« 

J^lO*  Bv  means  of  x-ray,  electron  diffraction  and  spectroscopic 
studies  it  has  been  established  that  the  molecule  P^010  belongs  to 
the  point  symmetry  group  T^.  This  molecule  has  15  fundamental  fre¬ 
quencies:  the  frequencies  v^,  Vg,  of  fully  symmetrical  vibrations 
of  type  A^,  the  frequencies  v^,  v*.,  Vg  of  the  doubly  degenerate  vib¬ 
rations  o^*  tyre  E,  the  frequencies  v^,  Vg,  of  the  triply  degenerate 

vibrations  of  type  F^  and  the  frequencies  v10,  v^,  v~2,  v1g, 

of  the  triply  degenerate  vibrations  of  type  F2«  All  the  fundamen¬ 
tal  frequencies  of  the  f^010  molecule,  with  the  exception  of  v~,  Vg 
and  v^,  are  active  in  the  Raman  spectrum.  In  the  infrared  spectrum, 
on?v  the  frequencies  v.lQ,  v1]L,  v^2,  v^g,  v^,  of  the  fundamental 
frequencies  of  the  P^01Q  molecule  are  active.  The  values  of  the  fun¬ 
damental  frequencies  of  phosphorus  pentoxide  are  known  on  the  basis 
of  the  results  of  studies  of  th  3  Raman  spectrum  [1683]  and  the  infr- 
red  spectrum  (1238,  374]  cf  its  low-temperature  crystalline  modifi¬ 
cation,  which  is  built  up  of  PjjQ^q  molecules.  The  vibrational  spectra 
of  phosphorus  pentoxide  vapor  have  not  been  studied. 

Gerding  and  Becker  [1683]  detected  in  the  Raman  spectrum  of  the 
low-temperature  modification  of  30lid  phosphorus  pentoxide  12  intense 
lines  which  they  identified  with  the  fundamental  frequencies  of  the 

0  corresponding  to  vibrations  of  the  types  A-j ,  E  and  F 
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Daasch  and  Smith  [1238]  obtained  the  infrared  ui  ufu  v  '  . hosphorus 
pentoxlde  in  the  region  514-2500  cm-1  but  left  it  without  interpre¬ 
tation.  Sidorov  and  Sobolev  [374]  investigated  the  infrared  spectrum 
of  phosphorus  pentoxlde  in  the  region  416-4000  cm-1  and  showed  that 
the  vibrational  spectra  of  this  compound  agree  in  an  optimum  manner 
with  the  model  of  the  P^O-^q  molecule,  belonging  to  the  point  symmetry 
group  T^. 

The  results  of  the  studies  on  the  infrared  •’  rum  of  phospho¬ 
rus  pentoxlde,  obtained  by  Sidorov  and  Sobolev,  are  in  statisfactory 
agreement  with  the  results  of  the  investigations  on  the  Raman  spec¬ 
trum  [1683]  and  also  with  the  data  presented  in  the  work  [1238]  for 
the  Infrared  spectrum. 

The  values  of  the  fundamental  frequencies  of  the  moiecule 

of  the  types  A-^,  E  and  Fg  found  as  a  result  of  the  spectroscopic 
investigations  [1683,  374]  are  presented  in  Table  118. 

The  frequencies  Vy ,  Vg  and  of  the  molecule,  correspond¬ 

ing  to  the  vibrations  of  the  type  F^,  can  be  approximately  estimated 
by  comparison  of  the  corresponding  frequencies  of  the  molecules  P^Og 
and  Pj.O^q.  If  the  values  of  the  fundamental  vibration  frequencies  of 
the  t>pe  A-p  E  and  Fg  of  the  molecules  P^Og  and  P^01Q,  based  on  the 
results  of  investigations  of  the  vibratii  spectra  of  phosphorus 
trioxide  and  pentoxlde,  presented  in  Table  118,  are  compared  a*  1  the 
values  of  the  frequencies  of  type  Pn  of  the  P^Og  molecule  and  Vg 
are  aken  into  account,  the  fundamental  frequencies  Vy,  Vg  and 
can  be  estimated  as  300,  450  and  600  cm”1,  respectively.  These 
value',  have  been  adopted  in  the  present  Handbook,  because  the  specific 
heat  of  phosphorus  pentoxlde  vapor,  calculated  on  the  basis  of  the 
vibrational  frequencies  of  the  P^01Q  molecule  (Cpnooo  =  73-5  cal/mole 
degree),  given  in  Table  118,  coincides  with  the  mean  specific  heat  of 
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phosphorus  pentoxide  vapor  within  the  temperature  range  650-1350°K 
(73.6  +  2  ca3./mole ‘degree)  determined  by  Frandsen  [1595]  as  a  result 
of  calorimetric  measurements.  The  uncertainty  in  the  values  of  the 
basic  frequencies  v^,  Vg,  and  of  the  molecule  adopted  in  the 

Handbook  must  be  assumed  to  be  no  less  than  +  50  cm-1. 

The  geometrical  structure  of  the  P^010  molecule  has  been  fairly 
accurately  determined  by  electron  diffraction  studies  [2817,  1944,  67]. 
Its  basis  is  the  P^Og  structure  (analogous  in  structure  to  the  mole¬ 
cule  of  phosphorus  trioxide)  to  each  of  the  four  phosphorus  atoms  of 
which  is  joined  an  additional  oxygen  atom  (see  Appendix  3,  Fig. 57). 

The  P-0  bonds,  which  form  the  structure  of  P^Og,  are  ordinary,  while 
the  P-0  bonds,  formed  by  combination  of  oxygen  atoms  with  the  P^Og 
structure,  can  be  characterized  as  double  bonds. 

The  structural  parameters  of  the  molecule  Ph010,  determined  by 
Hampson  and  Stosick  [1944]  ^s  a  result  of  electron  diffraction  studies 
on  phosphorus  pentoxide  vapor,  are  equal  to: 

i>_ 0=  1.62+0.02  A,  ^0-P-O=  101.5+1°. 
rr-o  =  1.39+0.02  A.  /O  -  P  -  O  *=  1 16.5+1°. 
rr-r  -  2,84+0,03  A,  .  /P-O-P-  123.5+1°. 

Similar  values  of  the  structural  parameters  of  the  P^010  molecule 
were  obtained  by  Akishin,  Rambidi  and  Zasorin  [67]  (rp_o  =  1*60  + 

+  0.01,  rp  -  0  -  1-40  +  0.03  A,  /P  -  0  -  P  «  124.5  +  1°). 

The  product  of  the  principal  moments  of  inertia  of  the  P4°10 

molecule  presented  in  Table  118,  has  been  calculated  on  the  basis  of 
its  structural  parameters,  found  by  Hampson  and  Stosick  [1944], 

FFg.  The  spectru  and  structure  of  the  PFg  molecule  have  not  been 
studied  experimentally.  It  is  assumed  in  the  present  Handbook  that  the 
PFg  molecule  has  a  nonlinear  symmetry  and  belongs  to  the  point  group 

symmetry  Cp.  The  values  of  the  structural  parameters  una  fundamental 
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frequencies  of  the  PF0  molecule  have  been  approximately  estimated  on 

c- 

the  basis  of  the  corresponding  magnitudes  for  the  PF^  molecule. 

For  the  structural  parameters  of  the  PFg  molecule,  the  same  val¬ 
ues  were  adopted  as  for  the  PF^  molecule  (see  r*&e  807)  under  the 
assumption  that  the  error  of  the  adopted  value  of  rp_F  is  not  less 
than  +0.02  A  and  that  of  the  angle  between  the  P-F  bonds  not  less  than 
+10°.  On  the  ba^is  of  the  adopted  values  of  the  structural  parameters, 
the  product  of  the  principal  moments  cf  inertia  of  the  PF2  molecule, 
which  is  given  in  Table  119,  has  been  calculated. 

TABLE  119 

Adopted  Values  of  the  Molecular  Constants  for  PFp,  PF-,  PCI-,  P0F~ 
and  P0C13  J  3  J 


n 

ft 

v. 

.  1 

2 

car* 

• 

»-«*  (*•**■»■ 

-1 

0 

PF, 

802 

443  • 

868 

_ 

276.2 

2 

PF, 

802 

487 

880(2) 

344(2) 

— 

— 

1898 

3 

PO, 

507.4 

280.1 

•  45-  .5(2) 

189.0(2) 

— 

— 

60921 

3 

POP, 

1415 

873 

473 

990(2) 

4*5{2) 

345(2) 

5905.2 

3 

POO, 

1089.9 

488.24 

287,39 

581,2(2) 

337,44(2) 

192,85(2) 

101810 

3 

l)  Molecule;  2)  cm-1;  2>)  (g»cm2)^. 


According  to  the  hypothesis  concerning  the  structure  of  the  PFg 
molecule  which  has  been  adopted  in  the  Handbook,  it  should  have  three 
fundamental  frequencies.  The  values  of  the  latter  have  been  calculated 
by  means  of  the  equations  (P4. 29)  and  the  values  of  the  force  con¬ 
stants  of  the  PF^  molecule.*  The  values  for  the  fundamental  frequen¬ 
cies  of  the  PFg  molecule  thus  obtained  are  given  in  Table  119.  The 
error  of  these  values  is  estimated  to  be  10  -  15#. 

Because  there  is  one  unpaired  electron  in  the  electron  shell  of 
the  PFg  molecule,  it  is  assumed  in  the  present  Handbook  that  the  elec¬ 
tronic  ground  state  of  this  molecule  is  a  doublet. 

PFq,  PCl^.  The  molecules  PF^  and  PCl^  belong  to  the  point  group 
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symmetry  and  have  a  pyramidal  structure  with  the  phosphorus  atom 
at  the  top  (See  Appendix  3,  Pig.  38) .  Such  molecules  have  four  fun¬ 
damental  frequencies,  which  are  active  in  the  Raman  spectrum  and  in  the 
infrared  spectr’im.  The  following  values  have  been  adopted  in  the  pre¬ 
sent  Handbook  for  the  frequencies  of  PF^  and  PCl^:  v^,  the  frequency 
of  the  fully  symmetrical  valency  vibration  of  type  A,,  v0,  the  fre- 

x  u 

quency  of  the  fully  deformation  vibration  of  type  A^,  v^,  the  fre¬ 
quency  of  the  doubly  degenerate  antisymmetrical  valency  vibration  of 
type  E,  and  v^,  the  frequency  of  the  degenerate  deformation  vibration 
of  type  E. 

The  Raman  spectra  of  liquid  and  gaseous  phosphorus  trifluoride 
were  obtained  by  Yost  and  Anderson  [43593*  the  infrared  spectrum  of 
gaseous  PF^  by  Gutowsky  and  Liehr  [1904]  and  Wilson  and  Polo  [4297]. 
Wilson  and  Polo  Investigated  the  infrared  spectrum  of  PF^  in  the  re¬ 
gion  from  250  to  1850  cm-1  and  showed  that  the  assignment  of  the  fre¬ 
quencies,  adopted  in  the  works  [4359,  1904]  is  erroneous.  The  values 
of  the  fundamental  frequencies  of  PF^,  found  by  Wilson  and  Polo 
[4297]  were  adopted  in  the  present  Handbook  and  are  presented  in 
Table  119. 

Electron  diffraction  studies  on  the  geometrical  structure  of  the 
P?2  molecule  were  carried  out  by  Brockway  and  coworkers  [965,  3203, 

954]  who  obtained  the  following  results:  -p_p  =  1.52  +  0. 04,  A,  /¥  —  P 
-  F  =  104  +  4°. 

The  microwave  spectrum  of  PF^  has  been  investigated  in  the  works 
of  Gordy  and  his  coworkers  [1820,  1821,  1749].  The  data  obtained  in 
these  works  enabled  Gilliam,  Edwards  and  Gordy  [17493  to  determine  the 
values  of  the  rotational  constant  Bq  =  7819.5^0  Mcps  =  0.260843  cm*"*. 
This  result  has  been  used  in  the  works  [1749,  4283]  for  calculating 
the  length  of  the  P-F  bond  in  the  molecule  PF^.  in  the  work  [1749] 
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/F  —  P  —  F  =  104  +  3°  was  taken  on  the  basis  of  the  electron  diffrac¬ 
tion  data  of  Brockway  [954]  and  rp_p  was  calculated  as  1.546  +  0.008  A. 
A  comparison  was  carried  out  in  the  work  [4283]  between  the  structural 
parameters  of  the  molecules  FOF^,  PSF^,  POCl^,  PSCl^,  PF^,  PCl^,  and 
NFy  determined  as  a  result  of  an  analysis  of  the  microwave  spectra 
and  electron  diffraction  investigations  and  it  was  found  that  the 
angle  between  the  P-F  bonds  in  the  molecule  PF^  should  be  close  to 
100°.  Thus  adopting  /F  —  P  —  F  =  100°,  the  authors  of  the  work  [4283] 
calculated  rp  p  =  1-535  A.  The  authors  of  the  woric  [4283]  believe 
that  /F  —  P  —  F  in  the  molecule  PF^  cannot  be  greater  than  /  F  —  N  —  F 
in  the  molecule  NF^,  equal  to  102o9‘,  according  to  [3703].  Hence  the 
uncertainty  of  the  value  of  /  F  -  P  —  F  proposed  in  the  work  [4283] 
can  be  estimated  to  be  t2°  and  the  value  of  rp  p  as  +0.005  A. 

On  the  basis  of  the  data,  presented  in  the  work  [4283]  the  fol¬ 
lowing  values  of  the  structural  parameters  of  the  molecule  PF^  have 
been  adopted  in  the  present  Handbook:  rp_p  =  1.535  +  0.005  A,  /F  —  P 
—  F  =  100  +2°,  which  were  used  in  the  calculation  of  the  product  of 
the  principal  moments  of  inertia  of  PF^,  which  is  given  in  Table  119. 

a. 

^he  fundamental  frequencies  of  the  molecule  PCl^  were  deter¬ 
mined  on  the  basis  of  the  Raman  spectra  of  liquid  and  gaseous  phospho¬ 
rus  trichloride  [806,  807,  4080,  1041,  1757,  3093,  906]  and  on  the 
basis  of  studies  of  the  infrared  spectrum  of  gaseous  phosphorus  tri¬ 
chloride  [3132,  1275,  2657].  The  values  of  the  fundamental  frequen¬ 
cies  of  the  PCl^  molecule  found  in  these  works  agree  with  each  other 
within  the  limits  of  10  cm-'1'.  The  most  accurate  values  of  these  mag¬ 
nitudes  were  determined  by  Davis  and  Oetjen  [1275]  on  the  basis  of 
the  results  of  investigations  carried  out  on  the  infrared  spectrum  of 
gaseous  phosphorus  trichloride.  The  values  of  the  fundamental  vibra¬ 
tion  frequencies  of  the  PCl^  molecule  obtained  in  the  ’rork  [1275] 


were  adopted  in  the  present  Handbook  and  are  given  in  Table  119.  The 
error  of  the  values  of  the  fundamental  frequencies  of  PCl^  found  in 
the  work  [1275]  are  estimated  as  +0.2  to  +0.5  cm-1. 

The  infrared  spectrum  of  gaseous  phosphorus  trichloride  has  been 
investigated  by  Davis  and  Oetjen  [1275]  in  the  range  85-550  cm-1,  and 
on  apparatuses  with  smaller  dispersion  by  Lorenzelli  and  Moller  [2657] 
in  the  range  222-500  cm"1  and  by  O'Loane  [3132]  in  the  range  190  cm"1 
(v^).  The  most  detailed  investigation  of  the  Raman  spectra  of  liquid 
and  gaseous  phosphorus  trichloride  has  been  carried  out  by  Nielsen 
and  Ward  [3093]. 

The  structural  parameters  of  the  PCl^  molecule  were  determined  in 
electron  diffraction  studies  of  the  molecular  structure  of  phosphorus 
: bichloride  by  Wierl  [4263,  1264]  and  Brockway  [965,  954]  and  also  in 
investigations  of  the  microwave  spectra  of  the  isotopic  PGl^  mole¬ 
cules,  PC12^5,  PC1235C137  and  FCl^37  by  Kislluk  and  Townes  [24il, 

2412].  The  results  obtained  in  all  these  investigations  agree  with 
each  other.  The  most  accurate  values  of  the  structural  parameters  of 
PCl^  were  calculated  by  Kisliuk  and  Townes  on  the  basis  of  the  val¬ 
ues  of  the  rotational  constant  BQ  of  the  PCl^^  molecule  found  by  them 
(2617.1  Mcps  =  0.087297  cm"1)  and  of  PC1337  (2487-5  Mcps  =  0.082974 
cm"1).  On  the  basis  of  the  data,  obtained  in  the  works  [2411,  2412] 
the  following  values  of  the  structural  parameters  of  the  PCl^  mole¬ 
cule  have  been  adopted  in  the  present  Handbook:  rp_cl  =  2.043  +  0.04  A, 
/Cl  —  P  —  Cl  =  100°6'  +30*.  The  adopted  values  of  the  structural  par¬ 
ameters  were  used  for  the  calculation  of  the  product  of  the  principal 
moments  of  inertia  of  the  molecule  PCl^  whose  value  is  given  in 
Table  1x9. 

P0Fv  P0C13.  The  molecules  P0P3  and  P0C13  haye  a  pyramidal 
structure  (see  Appendix  3,  Fig.  4l)  and  belong  to  the  point  group  -  ym- 
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metry  C^.  They  nave  six  rundamental  frequencies:  the  frequencies 
vl#  Vg,  v3  of  the  fully  symmetrical  vibrations  of  type  A^,  and  the 
frequencies  v^,  v^,  Vg  of  the  doubly  degenerate  vibrations  of  type  E, 
which  are  active  in  the  Raman  spectra  as  well  as  in  the  Infrared  spec¬ 
tra.* 

The  vibrational  spectra  of  the  POF^  molecule  have  been  investi¬ 
gated  by  Delwaulle  and  Francois  [1306]  (Raman  spectrum  of  liquid  POF^) 
and  Gutowsky  and  Liehr  [1904]  (infrared  spectra  of  gaseous  POF^).  The 
frequency  of  the  fundamental  frequencies  of  the  POF^  molecule  has 
not  been  observed  in  the  Raman  spectrum  [1306]  and  the  frequency  Vg 
could  not  be  detected  in  the  infrared  spectrum  [‘’904]. 

The  infrared  spectrum  of  gaseous  P0Fo  has  been  obtained  by  Gut- 

« J 

owsky  and  Liehr  [1904]  in  the  range  of  470-2620  cm-1  and  has  been  in¬ 
terpreted  on  the  basis  of  uhe  utilization  of  the  results  obtained  in 
studies  of  the  Raman  spectrum  [1306],  an  analysis  of  the  band  con¬ 
tours  and  the  results  of  calculations.  The  frequency  of  the  doubly 
degenerate  composite  vibration  Vg  was  taken  as  being  equal  to  345  cm-1, 
because  the  overtone  2Vg  =  690  cnT^  has  been  observed  in  '  a  infrared 
spectrum  of  POF^  [1904].  The  frequency  Vg  was  observed  in  the  Raman 
spectrum  of  liquid  POF^  [1306],  where  it  was  found  to  be  equal  to  337 
cm*"'1'.  The  values  of  the  fundamental  frequencies  and  v^,  determined 
on  the  basis  of  the  infrared  spectrum  of  gaseous  POFg  [1904]  is  ap¬ 
proximately  8  cm*"1  higher  than  that-  found  on  the  basis  of  the  Raman 
spectrum  of  liquid  P0F~  [1306].  It  is  natural  to  assume  that  the  same 
difference  should  also  exist  for  the  frequency  Vg.  This  assumption 
leads  to  the  value  345  cm”’’*',  fouiid  by  Gutowsky  and  Liehr  on  the  basis 
of  the  overtone  2vg. 

The  values  obtained  in  the  work  [1904]  which  are  given  in  Table 
119  have  been  adopted  In  the  present  Handbook  for  the  fundamental  fre- 
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quencies  of  the  POF^  molecule.  The  error  of  these  values  can  be  es¬ 
timated  as  +3  cm**'1'. 

The  microwave  spectra  of  the  isotope  species  of  the  molecule 

POP-  have  been  studied  in  the  works  [3682,  1821,  4283,  1978,  1033] 

3  •’6 
and  the  values  of  the  constants  BQ,  Dj  and  Dj^  of  the  molecules  PO  F^ 

18 

and  PO  were  determined  with  great  accuracy.  The  most  accurate 

1  Pi 

values  of  these  constants  fot  the  molecule  PO^F^  were  obtained  by 
Burrus  and  Gordy  [1033 ]:  BQ  =  459^.262  Mcps  (0.1532478  cm-1),  Dj  « 

=  1.020  kcps  (3.402*10-7  cm"1),  =  1.284  kcps  (4.283*10"7  cm"1). 

The  structural  parameters  of  the  POF^  molecule  were  determined 
first  by  Brockway  and  Beach  [958]  on  the  basis  of  analysis  of  elec¬ 
tron  diffraction  data:  ip_0  =  I.56  +  0.03,  rp_F  =  1.52  +  0.02  A, 

/F  —  P  —  F  =  107  +  2°,  which  were  later  determined  with  greater  ac¬ 
curacy  in  studies  of  the  microwave  spectra  of  isotopic  species  of 
POF^  in  the  works  f4283,  1978].  It  was  found  in  these  works  that  the 
values  of  the  structural  parameters  of  POF^,  obtained  by  Brockway  and 
Beach,  are  inconsistent  with  the  values  of  the  constant  BQ  of  the 
molecules  Fri  F^  and  POF^,  determined  with  great  accuracy  on  the 
basis  of  the  microwave  spectrum.  Williams,  Sheridan  and  Gordy  [4283] 
found  that  the  following  values  of  the  structural  parameters  of  POF^ 
give  the  best  agreement  with  the  microwave  data:  rp_0  =  1.45  +  0.03, 
rp_p  -  1.52  +  0.02  A,  /F  —  P  —  F  =  102.5  +  2°.0.  It  was  also  found 
it.  the  work  [4283]  that  these  values  of  the  structural  parameters  of 
POF^  agree  much  better  with  the  results  of  the  electron  diffraction 
study,  carried  out  by  Brockway  and  Beach,  than  the  values,  proposed  in 
the  work  [958].  The  values  of  the  structural  parameters  of  the  mole¬ 
cule  POF^  recommended  by  Williams,  Sheridan  and  Gordy  [4283]  were  ad¬ 
opted  in  the  present  Handbook.  In  particular,  they  were  used  in  the 
calculation  of  the  product  of  the  principal  moments  of  inertia  of  POF^, 
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The  values  of  the  basic  frequencies  of  the  POCl^  molecule  were 
determined  on  the  basis  of  studies  of  the  Raman  spectrum  of  liquid 
phosphorus  oxytrichloride  [4080,  2560,  1040,  37333.  Later  on,  six  lines 
were  detected,  three  of  which  are  polarized  and  three  depolarized, 
which  served  as  a  basis  for  assigning  than  to  the  frequencies  v^,  Vg, 
and  v^,  v^,  v^,  respectively.  Langseth  [2560]  obtained  the  Raman 
spectrum  of  liquid  phosphorus  oxytrichloride  with  the  highest  dispejv 
sion.  The  Handbook  values  of  the  basic  frequencies  of  the  POCl^  mole¬ 
cule  given  in  Table  119,  correspond  to  maxima  of  the  bands  in  the 
Raman  spectrum  of  the  liquid,  measured  by  Langseth  [2560].  On  the 
basis  of  investigations  on  the  vibrational  spectra  of  liquid  and  gas¬ 
eous  POF^  in  the  works  [1306,  1904],  ths  values  of  the  basic  frequ¬ 
encies  of  the  POCl^  molecule  given  in  Table  119  must  be  considered  to 
be  5  cm""1  too  low. 

The  infrared  spectrum  of  liquid  phosphorus  oxytrichloride  has 
been  obtained  by  Daasch  and  Smith  [1238]  in  the  region  475-5000  cm-1, 
but  has  not  been  analyzed.  The  photometric  curve,  presented  in  the 
work  [1238]  shows  five  sharp  absorption  maxima,  related  by  the  authors 
to  the  frequencies  Vg,  v^,  vg  +  v^,  v.^  and  v1  +  Vg. 

The  assignment  of  the  fundamental  frequencies  of  the  POCl^  mol¬ 
ecule  adopted  in  the  present  Handbook  has  also  been  used  by  Zlonek, 
Piotrowski  and  Walsh  [4389a]  on  the  basis  of  the  calculations  of  the 
basic  frequencies  and  force  constants  of  the  molecules  POCl^,  POF^, 
PSClg  and  PSF-  carried  out  by  them  (see  also  [4389b]).  The  correct¬ 
ness  of  this  assignment  has  been  disputed  by  Ott  and  Giauque  [3152a] 
in  connection  with  the  fact  that  the  value  of  S^g^g  ^(POCl^,  gas)  de¬ 
termined  by  them  on  the  basis  of  the  results  of  calorimetric  measure¬ 
ments  differed  by  0.37  cal/mo2e -degree  from  the  value  calculated  on 
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the  basis  of  the  molecular  constants  of  POCl^  which  is  identical  with 
that  adopted  in  the  Handbook.  The  authors  of  the  work  [3152a]  found 
that  if  the  assignments  of  the  frequencies  and  change  places, 
this  difference  will  be  of  the  order  of  error  of  the  value  of  S°2^q  ^ 
(POCl^*  gas)  based  on  the  data  of  the  calorimetric  measurements.  How¬ 
ever,  they  did  not  determined  the  magnitude  of  error  in  the  value  of 
S°298  ^(POCl^,  £as),  calculated  from  the  molecular  constants  of  POCl^ 
This  was  due  mainly  to  the  inaccuracy  of  She  known  values  of  the  mol¬ 
ecular  constants  of  POCl^  and  amounts  to  approximately  +1  cal/mole 'de¬ 
gree.  Hence  the  modification  in  the  assignment  of  the  basic  frequen¬ 
cies  of  the  molecule  POCl^,  proposed  by  Ott  and  Giauque  is  untenable. 

The  structural  parameters  of  the  molecule  POCl^  wer;  first  de¬ 
termined  by  Brockway  and  Beach  [958]  on  the  basis  of  the  results  of 
electron  diffraction  Investigations  (rp_Q  =  1.58,  i’p-ci  =  2.02k, 

/Cl  —  P  —  Cl  e  106°).  Later  on,  Williams,  Sheridan  and  Gordy  [4283] 
determined,  as  a  result  of  investigations  of  the  microwave  spectra  of 
POCl^^  and  POCl^0^  with  great  accuracy  the  values  of  the  constant  BQ 
of  these  molecules,  which  do  not  agree  with  the  above-presented  val¬ 
ues  of  the  structural  parameters  of  POCl^.  The  values  of  the  constant 
Bq  of  the  molecules  POCl^-^  and  POCl^^,  found  in  the  work  [4283] 
satisfy  the  following  values  of  the  structural  parameters  best : 
rp-Q  =  1.45  +  0.03,  *p_cl  “  1.99  +  0.02A,  /Cl  -  P  -  Cl  =  103*6  +  2.0°. 
In  order  to  eliminate  this  contradiction  in  the  values  of  the  struc¬ 
tural  parameters  of  POCl^,  obtained  in  the  works  [958,  4283],  Badgley 
and  Livingston  [605]  again  carried  out  an  electron  diffraction  study 
of  the  structure  of  POCl^,  using  a  better  method  than  in  the  work 
[958].  The  values  of  the  structural  parameters  of  POCl^  obtained  by 
Badley  and  Livingston  (rp_Q  =  1.45  +  0.05,  rp_cl  =  1.935  ±  0.02  A, 

/Cl  —  P  —  Cl  -  103*5  +  1°)  practically  coincide  with  the  values  found 
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The  values  of  the  structural  parameters  of  the  PCCl^  molecule, 
obtained  in  the  work  [42833  and  subjected  to  electron  diffraction  in¬ 
vestigation  [6053  were  adopted  in  the  present  Handbook.  These  values 
were  used  in  the  calculation  of  the  product  of  the  principal  moments 
of  inertia  of  POCl^,  whose  value  is  given  in  Table  119. 

PFg,  PCI5.  The  molecules  PFg  and  PClg  belong  to  the  point  group 
symmetry  and  have  the  structure  of  a  regular  three-cornered  bi¬ 
pyramid  with  the  phosphorus  at  cans  in  the  symmetry  center  (see  Appen¬ 
dix  3,  Fig.  46).  The  vibrations  of  these  molecules  are  determined  by 
eight  fundamental  frequencies:  the  freq; ancles  v^,  v  of  the  valency 
vibrations  of  type  (fully  symmetrical  and  antisymmetrical)  the  fre¬ 
quencies  v^,  of  the  deformation  vibrations  of  type  Ag,!  (fully 
symmetrical  and  antisymmetrical)  and  four  frequencies  of  the  doubly 
degenerate  vibrations  of  type  E'  (frequencies  v^,  Vg,  v^)  and  of  type 
E"  (frequency  Vg).  In  the  Infrared  spectra  of  PF^  and  PCl^  are  active 
the  frequencies  v3>  v^,  Vg,  and  inactive  the  frequencies 
v2 >  v8*  Ranian  spectra  are  active  all  the  fundamental  frequen¬ 

cies,  with  the  exception  of  v^.  v^,  the  lines,  corresponding  to  the 
frequencies  and  vg  being  polarized  and  those  corresponding  to  the 
frequencies  v,-,  Vg,  v^,  vQ  being  depolarized. 

The  Infrared  spectrum  of  gaseous  PF^  has  been  investigated  by 
Gutowsky  and  Liehr  [3904]  and  Pemsler  and  Plante  [3215].**  The  Raman 
spectrum  of  phosphorus  pentafl  :or.  was  not  studied. 

Gutowsky  and  Liehr  [19043  obtained  the  spectrum  of  ?Fr  on  a  prism 
spectrometer  with  low  dispersion  in  the  region  from  500  jo  1800  cnT1 
where  they  detected  four  strong  absorption  bands  -»ith  centers  at  534, 
576,  948  and  1025  cm  \  which  they  assigned  to  the  frequencies  Vg,  v^, 
and  v^  .  Pemsler  and  Planet  [32153  obtained  the  PF^  spectrum  cn  a 
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prism  spectrometer  with  medium  dispersion  in  the  region  from  480  to 
2050  cm”'1’.  These  authors  determined  the  positions  of  several  additional 
weak  absorption  bands,  which  had  not  been  recorded  by  Gutowsky  and 
Liehr.  The  centers  of  the  strong  absorption  bands  were  measured  by 
Pemsler  and  Planet  [32153  in  agreement  with  the  meausrements  of  Gut¬ 
owsky  and  Liehr  [1904].  The  infrared  spectrum  of  PF^  has  not  been  in¬ 
terpreted  by  Pemsler  and  Planet. 

On  the  basis  of  the  equations  (P4.43)  for  the  oscillation  fre¬ 
quencies  of  the  blpyramldal  molecules  XYy  the  values  of  the  funda¬ 
mental  oscillation  frequencies  v^,  v^,  and  Vg  of  the  molecule  PFy 
found  by  Gutowsky  and  Liehr  [1904],  and  the  data  on  the  fundamental 
frequencies  of  the  molecules  PCl^,  AsFy  AsCl^  etc.,  calculations 
were  carried  out  in  the  work  [4l6b]  of  the  values  of  the  fundamental 
frequencies  of  the  PF^  molecule  under  different  assumptions  with  res¬ 
pect  to  the  values  of  the  force  constants.  Of  a  number  of  variants  of 
the  values  of  the  fundamental  frequencies  of  PF^  thus  obtained,  one 
variant  was  selected  in  which  the  calculated  values  of  the  frequen¬ 
cies  Vg,  v^,  Vf.  and  Vg  were  closest  to  the  experimental  values.  The 
frequency  values  corresponding  to  this  variant  for  v.^,  v2,  v^,  and  Vg 
were  adopted  in  the  present  Handbook  and  are  given  in  Table  120.  For 
the  frequencies  v^,  v^,  and  Vg,  values  Eire  given  in  Table  120, 
found  by  Gutowsky  and  Liehr  [1904]  on  the  basis  of  the  infrared  spec¬ 
trum  of  PF^.  The  uncertainty  in  the  values  of  the  frequencies  v^,  v^, 
v,-  and  Vg  given  in  Table  120  for  PF^  is  estimated  to  be  +3  cm”'1’,  for 
the  frequencies  v^,  vg  and  Vg  it  is  +50  cm”'1'  and  for  the  frequency 
it  is  Vj,  +  25  cm”1. 

The  structure  of  the  molecule  PFC  was  determined  by  Braune  and 

D 

Plnnow  [9103  and  Brockway  and  Beach  [958]  on  the  basis  of  electron 
diffraction  studies  carried  out  by  them  on  gaseous  phosphorus  penta- 
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fluoride.  In  theworks  [910,  958]  it  was  found  that  the  PF^  molecule 
has  the  structure  of  a  three-cornered  bipyramid  with  the  phosphorus 
atom  in  the  symmetry  center  and  at  equal  distances  from  it  five 
fluorine  atoms,  situated  in  the  corners  of  the  bipyramid.  The  length 
of  the  P  —  F  bond  in  the  PFC  molecule  was  determined  by  Braune  and 
Pinnow  as  being  l.f&  ±  0.02  A,  while  Brockway  and  Beach  determined 
this  bond  length  as  1.57  +  0.02  A. 

TABLE  120 

Adopted  Values  of  the  Molecular  Constants  of  PF,.  and  PCI,. 
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a)  Estimate;  1)  molecule;  2)  cm""1;  3)  (g*cm2)^. 


The  conclusion  made  by  the  authors  of  the  works  [910,  958] 
that  all  the  P  —  F  bond  lengths  in  the  molecule  PF^  are  the  same.  Is 
evidently  not  quite  correct,  because  other  indices  (the  force  con¬ 
stants  and  bond  energies)  readily  show  the  non- equivalence  of  the 

axial  and  radial  P  —  F  bonds  in  the  PFr  molecule.  It  Is  also  known 

5 

that  the  lengths  of  the  axial  and  radial  X  —  Y  bonds  In  other  bipy- 
ramidal  molecules  of  the  type  XY^  differ  considerably  from  each  other. 
These  circumstances  suggest  that  the  length  of  the  axial  P  —  F  bend 
in  the  PF^  molecule  is  slightly  greater  tnan  the  length  of  the  radial 
bond.  In  analogy  to  the  case  of  the  PCl^  molecule  (see  further  on).  It 
Is  not  possible,  however,  to  carry  out  a  satisfactory  estimate  of  this 
magnitude.  The  value  of  rp_p(PF^),  found  by  Braune  and  Pinnow  [910] 
evidently  corresponds  to  the  length  of  the  radial  P  -  F  bond  in  the 
PFjj  molecule.*  The  value  of  rp_p(PF^)  found  by  Brockway  and  Beach 
[958]  is  some  average  value  of  the  bond  length  P  —  F  in  the  molecule 
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PF,..  Hence,  the  model  of  the  PP^  molecule  with  equal  P  -  F  bonds, 
whose  length  is  rp_p  *1.57+0.04  A,  proposed  in  the  works  [910, 

958]  has  been  adopted  in  the  present  Handbook.  On  the  basis  of  these 
conceptions,  the  product  of  the  principal  inertia  moments  of  the  PF^ 
molecule,  whose  value  is  giver,  in  Table  120,  has  been  calculated  by 
means  of  the  formulae  {P3.44). 

•The  Raman  spectra  of  phosphorus  pentachlcride  were  investigated 
by  Krishmamurti  [2486]  and  Moureu,  Magat  and  Wetroff  [2961-2963].  The 
Raman  spectra  of  liquid,  solid  and  gaseous  PCl^  and  also  solutions 
of  PCl^  in  CCl^  and  PCl^  were  studied  in  the  works  [2961-2963].  The 

authors  of  these  works  observed  in  the  Raman  spectrum  of  liquid  PClj- 

.  .. 

six  frequencies  (100,  190,  271,  392,  449,  495  cm"A),  which  they  took 
as  the  fundamental  frequencies  of  the  PCl^  molecule  in  their  early 
attempts  at  interpretation  of  the  vibrational  spectra  of  phosphorus 
pentachlorlde  [3864,  37191-  Moureau,  Magat  and  Wetroff  [2961-2963] 
observed  only  three  diffuse  lines,  corresponding  to  frequencies  of 
90,  226  and  400  cm"1,  in  the  Raman  spectrum  of  gaseous  PCl^. 

In  1957*  Wilmshurst  and  Bernstein  [4284]  obtained  the  Infrared 
spectra  of  gaseous  PCI,-  in  the  region  333-1250  cm"1  and  of  a  solution 
of  PClcj  in  CSg  in  the  region  416-2000  cm"1  and  also  the  Raman  spec¬ 
trum  of  a  saturated  solution  of  PCl^  in  gasoline.  The  results  of  the 
analysis  of  these  spectra  and  the  data  on  the  vibrational  spectra 
of  PCl^,  obtained  earlier  in  the  works  [2691-2693]*  made  it  possible 
to  determine  with  much  greater  reliability  as  in  the  works  of  Steven¬ 
son  and  Yost  [3684]  and  Siebert  [37193  and  the  values  of  the  fundamen¬ 
tal  frequencies  of  the  PCl^  molecule.  The  values  of  these  magnitudes 
recommended  by  Wilmshurst  and  Bernstein  [4284]  are  given  in  Table  120. 
The  frequencies  v^,  vg,  v^  and  Vg  were  determined  on  the  basis  of  the 

Raman  spectrum  of  PCI,-  in  gasoline  and  frequencies  v~,  vc,  on  the 
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basis  of  the  infrared  spectrum  of  gaseous  PCl^.  The  frequency  is 
beyond  the  limits  of  the  infrared  spectrum  of  PCl^  investigated  in  the 
work  [4284],  The  calculations  of  the  force  constants  of  the  molecule 
PCl^  presented  by  Wilmshurst  and  Bemsteir.  enabled  them  to  compute 
the  value  =  176  cm*’’1’,  which  has  been  confirmed  by  the  interpreta¬ 
tion  of  the  composite  frequencies  and  overtones  in  the  vibrational 
spectra. 

It  was  found  in  electron  diffraction  studies  on  the  molecular 

structure  of  PClc,  carried  out  by  Renault  [3536,  3537 J  and  Siebert 
5 

and  Scnomaker,*  that  the  molecule  PCI,-  has  a  regular  bipyramidal 
structure  in  which  the  P  —  Cl  bond  lengths  corresponding  to  three  ra¬ 
dial  and  two  axial  chlorine  atoms,  are  unequal.  It  was  found  that 
the  axial  P  —  Cl  bonds  in  the  PCl^  molecule  are  longer  than  the  radial 
bonds  by  about  0.15  A.  The  mo3t  reliable  values  of  tnese  magnitudes, 
obtained  by  Ronault  in  the  work  [3537]  are  rp_Ci  (axial)  =  2. 19  + 

+  0.08,  (radial)  -  2,04  +  0.06  A,  were  adopted  in  the  present 

Handbook  and  used  in  the  computation  of  the  products  of  the  principal 
inertia  moments  of  PCl^  (see  Table  120)  by  the  formulae  (P3.45). 

The  non-equivalence  of  the  axial  and  radial  P  —  Cl  bonds  i r».  the 
PCl^  molecule  is  also  confirmed  by  the  values  of  the  force  constants, 
found  by  Wilmshurst  and  Bernstein  [4284]  and  the  Investigation  of  the 
reactivity  of  different  chlorine  atoms  in  the  PCl^  molecule,  carried 
out  by  Downs  and  Johnson  [1400]  on  the  basis  of  the  method  of  radio¬ 
active  tracers. 

§55.  THERMODYNAMIC  FUNCTIONS  OF  GASES 

The  thermodynamic  functions  of  gaseous  P,  Pg,  PO,  PK,  PF,  PCI, 

ps,  pn,  p4,  p4o6,  p4o8,  p2|o10,  pf2,  pf3,  pci3,  ff5,  pci5,  fof3,  poci3, 

calculated  for  the  temperature  range  of  293.15-6000°K  without  taking 
into  account  the  Intermolecular  interaction,  are  given  i.n  Tables  110- 
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-128  of  volume  II  of  the  Handbook. 

P.  The  thermodynamic  functions  of  monatomic  phosphorus,  calcula¬ 
ted  on  the  basis  of  Eqs.  (11.22)  and  (11.23),  are  presented  in  Table 
110  (ll).  The  values  of  the  constants  Ag  and  A<,  In  these  equations 
were  taken  as  equal  to  2.9504  and  7*9185  cal/g-atom ‘degree,  respect¬ 
ively.  The  electronic  components  were  calculated  by  means  of  Eqs. 

(11.20)  and  (II. 21)  on  the  basis  of  the  energy  levels  of  the  phospho¬ 
rus  atom  given  in  Table  115. 

The  uncertainties  of  the  values  of  4*^  and  S°T,  given  in  Table 
110  (II)  do  not  exceed  0.005  cal/g-atom ‘degree.  They  are  due  mainly 
to  the  inaccuracy  of  the  values  of  the  physical  constants,  adopted  in 
the  Handbook. 

The  thermodynamic  functions  of  monatomic  phosphorus  have  been 
calculated  earlier  by  Stevenson  and  Yost  (3864]  (4>*T  up  to  1500°K, 
S°298.16^  Brewer  U093J  (to  2000°K),  Kelley  [2363,  2364]  (S°T  - 
—  S°2^g  jg  up  to  1600°K,  S°2<jg  ^g),  Katz  and  Margrave  [2334]  (<*>*£  to 
2000 °K),  Stull  and  Sinke  [3984]  (to  3000°K),  Kolsky  et  al  [2462] 

(4*t  to  8000 °K),  Potter  and  Distefano  [3314a]  ($*T,  S°T,  C°p  to  5000°K). 

The  calculations  of  the  theiroodynamic  functions  of  P  in  the  works 
[3864,  1093,  2363,  2364]  were  evidently  carried  out  without  taking 
into  account  the  electronic  component  in  consequence  of  its  smallness 
at  T  <  2000°K.  The  results  of  these  calculations,  with  the  exception 
of  the  values  of  In  the  work  [3864],  agree  within  the  limits  of 
0.02  cal/g-atom‘degree  with  the  values  of  the  corresponding  values  in 
Table  110  (II).  The  differences  are  due  to  differences  in  the  adopted 
values  of  the  physical  constants  and  the  atomic  weight  of  phosphorus. 
The  values  of  4*^,,  calculated  by  Stevenson  and  Yost  [3864],  are  smaller 
than  the  corresponding  values  in  Table  110  (II)  by  about  3.4  cal/g- 
-atom ‘degree  in  consequence  of  errors  in  the  calculations  of  these 
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authors.  The  erroneous  results  of  the  c ilcuJations  of  Sf.*  /enson  and 
Yost  are  presented  in  the  summaries  of  Zeise  [4381,  4334]  and  Vveden¬ 
skiy  [119a].  In  the  book  of  Zeise  [4384]  they  are  supplemented  by  the  l 
values,  which  contain  an  analogous  error. 

The  values  of  the  thermodynamic  functions  of  P,  given  in  the 
works  [2334,  3894,  2462,  3314a]  and  in  the  first  edition  of  t  e  pre¬ 
sent  Handbook,  agree  with  the  values  of  the  corresponding  magnitudes 
in  Table  110  (II)  within  the  limits  of  the  above-indicated  uncertainty 
of  the  data  in  this  Table.  The  slight  differences  are  due  to  differ¬ 
ences  in  the  adopted  values  of  the  physical  constants. 

P2.  The  thermodynamic  functions  of  diatomic  phosphorus,  given  in 
Table  111  (II)  were  calculated  L„  means  of  Eqs.  (II.l6l)  and  (II. 162). 
The  values  of  In  2  and  T  d  In  2  in  these  equations  were  calculated 

sr 

by  the  method  cf  Gordon  andBames  [see  Eqs.  (11.137)  and  (H.I38)] 
without  taking  into  account  the  number  of  rotational  levels,  on  the 
basis  of  the  molecular  constants,  presented  in  Table  116.  The  two  ex¬ 
cited  electronic  states  of  the  molecule  Pgi  A*ng  and  B12+u  were  taken 
into  account  in  the  calculation  of  the  thermodynamic  functions  of 
diatomic  phosphorus.  The  components  of  these  states  were  calculated 
by  means  of  Eqs.  (11.120)  and  (II. 121),  i. e. ,  without  taking  into 
account  the  difference  between  the  constants  of  P2  in  the  excited  and 
ground  electronic  states.  Table  121  gives  the  values  of  6  and  x,  the 
coefficients  in  the  equations  (II.137)*  (11.138)  and  the  constants 
and  Cg  In  the  equations  (Il.l6l),  (II. 162). 

The  uncertainty  in  the  values  of  9*^  of  diatomic  phosphorus, 
given  in  Table  111  (II),  do  not  exceed  0.01  cal/mole« degree  over  the 
entire  temperature  interval. 

The  theiropdynamic  functions  of  diatomic  phosphorus  had  been  cal¬ 
culated  previously  by  Godnev  and  Sverdin  [159]  to  (2000°K),  Stevenson 
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and  rost  [3864]  (4*T  to  15000°K,  S°2g8a6),  Kelly  [2363,  2364], 

(S’,  -r  S  *298.16  t0  2000°K»  s°289.l6^  stu11  and  Sinke  £38943  (to 
30OO°K)  and  Potter  and  Distefano  [3314a]  (to  5000 °K).  Godnev  and  Sver- 
dih  £1593  carried  out  the  calculation  by  the  method  of  Gordon  and 
Barnes  taking  irto  account  the  nuclear  spin.  Stevenson  and  Yost  [3864] 
used  the  method  of  direct  summation  and  the  molecular  constants  of  Pg 
from  the  work  of  Ashley  (5733*  The  differences  in  the  values  of  <J*T, 
presented  in  the  works  [1593#*  [38643  and  in  Table  ill  (II)  amount  to 
approximately  0. 05  cal/faole* degree  owing  to  the  use  of  less  accurate 
values  of  the  molecular  and  physical  constants  in  these  works  as  com¬ 
pared  ,with  the  present  Handbook.  Brewer  [10933#  Zeise  [4381,  43843 
and  Vvedenskiy  [119a3  presented  the  values  of  the  thermodynamic  func¬ 
tions  of  P2i  calculated  by  Stevenson  <?nd  Yost.  Kelley  [2^63],  on  the 
basis  of  the  specific  heat  of  Pg  as  a  function  of  temperature,  adop¬ 
ted  by  him,  calculated  the  values  H°T  -  298.16  and  S°T  ”  s°298  16 

to  2000 °K.  The  differences  between  the  values  of  S°T,  calculated  on 
the  basic  of  the  data  of  Kelley  [2363#  2364]  and  those  given  in  Table 
111  (H)  are  0.01  to  0.08  cal/faole ‘degree.  The  thermodynamic  func¬ 
tions  of  P2'  as  calculated  by  Stull  and  Sinke  [3894 J  and  Potter  and 
Distefano  [3314a],  are  very  close  to  the  values,  given  in  ,:,able  111 
(II).  The  slight  differences  (which  do  not  exceed  0.02  cal/feole ‘de¬ 
gree  in  the  values  of  are  mainly  due  to  the  differences  in  the 
adopted  values  of  the  molecular  constants. 

The  values  of  the  thermodynamic  functions  of  Pg,  given  in  the 
first  and  in  the  present  edition  of  the  Handbook,  practically  coin¬ 
cide.  At  high  temperatures  the  differences  are  due  to  the  fact  that  in 
the  first  edition  the  components  of  the  electronic  excitation  have 
not  been  taken  into  account  which  leads  to  a  difference  of  0.004  and 
0.01  cal/mole. degree  in  the  values  of  **£000  and  S°6ooo,  respectively. 


TABtE  121 

Values  of  the  Constants  for  the  Calculation  of  the  Thermodynamic 
Functions  of  Caseous  P,^,  PO*  PH,  PF,  PCI,  PS  and  PN 
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16,5160 

PN 
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0,51 

0,88735 

2,466 

3,8262 

10,7812 

A)  Substance ;  B)  degree;  C)  cal/mole ‘degree. 


PO.  The  thermodynamic  functions  of  gaseous  phosphorus  monoxide, 
given  in  Table  113  (II) ,  were  calculated  on  the  basis  of  Eqs.  (II. l6l) 


and  (11.162).  The  values  InS  and  T  d  in£  in  these  equations  were  cal- 
culated  by  the  method  of  Gordon  and  Barnes  [see  relations  (11.137)* 


(11.138)3  without  introducing  corrections  for  the  limited  number  of 


rotational  states;  the  values  ln^j  and  T  3  lrn^  were  calculated  by 

"3r 


means  of  Eqs.  (11.149)  and  (II.150).  The  calculations  was  carried  out 
on  the  basis  of  the  molecular  constants  of  PO,  given  in  Table  116. 

The  components  of  the  excited  electronic  states  >4*2,  C*2  ,  D*£.  were- 

calculatea  without  taking  Into  account  the  difference  in  the  constants 
of  PO  in  these  states  and  the  ground  state  X2!!  on  the  basis  of  Eqs. 
(11.120)  and  (11.121).  Table  121  gives  the  values  of  0,  x,  the  coef¬ 
ficients  in  the  equations  (11.137)*  (II. 138)  and  the  constants 
and  C<,  in  the  equations  (ll.lol),  (II.162).  The  values  cf  and  Cg 
include  the  terms  R  lr.  4,  corresponding  to  the  state  Xnl. 

The  uncertainty  in  the  values  of  the  thermodynamic  functions  of 
PO,  given  in  Table  113  (II)*  at  T  <  lOOO^K  are  mainly  due  to  the  in¬ 
accuracy  of  the  adopted  values  of  the  molecular  and  pnysical  constants 
At  higher  temperatures  they  are  due  mainly  to  one  failure  to  take  into 


account  the  finite  number  of  energy  levels  of  the  molecule  PO,  che 
difference  between  the  calculated  and  experimental  values  of  D0(PO) 
and  the  inaccuracy  in  the  estimate  of  the  excited  electronic  states. 

The  total  uncertainty  in  the  calculated  values  of  of  phosphorus 
monoxide,  due  to  the  above-mentioned  causes,  is  estimated  to  be  0.005; 
0.01  and  0.02  cal/faole .degree  at  T  =  298. 15;  3000  and  600C°K,  res¬ 
pectively. 

The  themnodynamic  functions  of  PO  had  been  calculated  earlier 

'  A 

by  Kelley  [2364]  (S02^g  25)  and  Potter  and  Distefano  [3314a]  ($*T, 

S°T  and  C°p  from  273*15  to  5000°K).  On  the  basis  of  older  data,  Kelley 
[2364]  calculated  S°2^g  26  ®  53*  --5  +  0.10  cal/mole -degree.  The  calcu¬ 
lations  of  Potter  and  Distefano  were  based  on  the  same  values  of  tne 

p  Q  J.  O  » 

molecular  constants  of  PO  in  the  states  X  n^B  2  and  C  2  ,  as  in  the 

2  + 

present  Handbook,  but  the  state  A  2  with  an  excitation  energy  of 
about  19,500  cm'"’1'  was  disregarded.  In  consequence  of  this  the  differ¬ 
ence  in  the  values  of  $*T,  given  in  the  work  [3314a]  and  that  in 
Table  113  (II)  at  T  £  3000°K,  does  not  exceed  0.005  cal/mole ^degree, 
but  at  T  >  3000°K  it  increases  systematically  and  attains  0.018  cal/ 
mole ‘degree  at  5000°K. 

The  differences  between  the  values  of  the  thermodynamic  functions 
of  P0,  ca3  culated  in  the  first  and  present  editions  of  the  Handbook, 
do  not  exceed  0.1  cal/mole ‘degree.  They  a.-*e  due  to  the  difference  in 
the  adopted  values  of  the  molecular  constants  and  also  the  fact  that 
new,  earlier  unknown  excited  electronic  states  of  TO  have  been  taken 
into  account  in  the  present  Handbook. 

PH.  The  thermodynamic  functions  of  gaaeous  phosphorus  monohydride, 
given  in  Table  117  (II)  were  calculated  in  accordance  with  Eqo.  (II.161) 
and  (11.162)  on  the  basis  of  the  molecular  constants  of  PH  in  Table 
117.  The  values  of  lnz  and  T  o  ln2  in  the  equations  (II.161)  and 
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(11,162)  were  calculated  by  the  method  of  Gordon  and  Barnes  (see 
Eqs.  (11.137  and  (11.138)3  without  taking  into  account  thecorrections 
for  the  limited  number  of  rotational  levels  of  the  state  X^2.  The  val¬ 
ues  of  In  and  T  In  ^  were  calculated  on  the  basis  of  Eqs. 
(11.147)  and  (11.148)  taking  into  account  the  splitting  of  the  rota¬ 
tional  energy  levels  of  PH  in  the  stare  X^2.  Four  excited  electronic 
states  of  PH  were  taken  into  account  in  the  calculation  (&aA,  b  2, 

A~'.TI,  c  n).  The  components  of  these  states  were  calculated  by  means  of 
Eqs.  (11.120)  and  (11.121),  i. e. ,  without  taking  into  account  the 
differences  between  the  molecular  states  of  PH  in  the  excited  and 
ground  states.  Table  121  gives  the  values  of  0,  x,  the  coefficients 
in  Eqs.  (11.137)  and  (II. 138)  and  also  the  constants  and  Cg,  which 
were  calculated  by  means  of  the  adopted  values  of  the  molecular  con¬ 
stants  of  PH.  The  addends  R  In  3#  corresponding  to  the  state  are 

included  in  the  value  of  and  Cg. 

The  uncertainty  in  the  calculated  values  of  of  gaseous  PH 
at  T  <  1000°K  does  not  exceed  0.01  cal/inole» degree.  At  higher  temper¬ 
atures  the  uncertainty  is  greater  on  account  of  the  inaccurate  exci¬ 
tation  energy  of  the  electronic  states,  the  fact  that  a  limited  num¬ 
ber  of  rotational  states  was  Ignored  and  because  of  the  differences 
between  the  experimental  and  calculated  values  of  the  dissociation  e:i- 
ergy  of  PH.  They  amount  to  0. 03  and  0.1  cal/mole * degree  in  the  values 
of  at  T  equal  to  3000  and  6000°K,  respectively. 

The  thermodynamic  functions  of  PH  had  been  calculated  previously 
by  Kelley  [2364]  (S°Q^g  -^g)  and  in  the  preparation  of  the  first  edi¬ 
tion  of  the  present  Handbook. 

The  differences  between  the  values  of  the  thermodynamic  functions 
of  PH,  calculated  in  the  first  and  present  editions  of  the  Handbook, 
are  due  to  the  difference  in  the  adopted  values  of  the  molecular  eon- 
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stfnts  and  the  calculation  methods.  At  temperatures  up  to  1000°K 
they  amount  to  0.2  and  0.1  cal/mole ‘degree  for  and  S°T,  respec¬ 
tively.  The  greater  difference  for  is  due  to  the  fact  that  the 

■a 

more  accurate  calculation  of  the  multiplicity  of  the  XJ2  states  by 
the  method,  adopted  in  the  present  Handbook,  affects  mainly  the  val¬ 
ues.  At  higher  temperatures  the  differences  in  the  values  of  $>*T  and 
S°q,  increase  and  amount  to  approximately  0.5  and  1.5  cal/mole •  degree 
for  #*gooo  and  S<5 6000 *  respectively,  because  the  excited  electronic 
states  of  PH  were  taken  into  account  in  the  present  edition  of  the 
Handbook. 

PF,  PCI.  The  thermodynamic  functions  of  gaseous  phosphorus  mon¬ 
ofluoride  and  monochloride,  given  in  Table  118  (II)  and  123  (II),  were 
calculated  by  means  of  Eqs.  (II.l6l)  and  (11.162),  using  the  approx¬ 
imate  model  of  the  rigid  rotatory-harmonic  oscillator.  The  calculation 
was  carried  out  on  the  basis  of  the  molecular  constant,  adopted  in 
Table  117.  Table  121  gives  the  values  of  0,  and  Cg,  using  in  the 
calculation  the  thermodynamic  functions  of  the  two  gases.  Because  the 
electronic  ground  state  of  the  molecules  PF  and  PCI  is  the  state 
the  addends  Rln  3  are  included  in  the  value  of  and  Cg. 

The  uncertainty  in  the  calculated  values  of  the  thermodynamic 
functions  of  phosphorus  monofluoride  and  monochloride  is  predominantly 
due  to  the  absence  of  experimental  data  on  the  molecular  constants  of 
PF  and  PCI  and  the  use  of  the  most  approximate  calculation  method.  For 
it  is  estimated  to  be  0.05;  0. 15  and  0.3  cal/mole ‘degree  at  298.15; 
3000  and  6000 °K,  respectively. 

The  thermodynamic  functions  of  PF  had  been  calculated  earlier 
for  the  first  edition  of  the  present  Handbook.  The  differences  between 
the  results  of  this  calculation  and  the  values,  presented  ?n  Table  118 
(II),  are  explained  by  a  certain  difference  in  the  molecular  constants 
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used  in  the  calculations  and  do  not  exceed  0.2  cal /mole ‘degree. 

Other  calculations  of  the  thermodynamic  functions  of  PP  and  PCI 
are  not  known  in  the  literature. 

PS.  The  thermodynamic  functions  of  gaseous  phosphorus  monosulfide. 

given  in  Table  127  (IX) ,  were  calculated  on  the  basis  of  the  equations 

(II. l6l)  and  (II.162)  and  the  molecular  constants  of  PS,  given  in 

Table  117.  The  values  of  Ins  and  T  5  Ins  in  these  equations  were  cal- 

15T 

culated  uy  the  method  of  Gordon  and  Barnes  [see  the  relations  (11.137) 
and  (11.138)3  without  applying  corrections  for  the  limited  number  of 
rotational  levels  of  the  state  X^H.  The  values  of  lnA*  and  TgftaAji 

were  calculated  by  means  of  Eqs.  (11.149)  and  (II. 150).  The  components 

2  2 

of  the  excited  electronic  states  A  A  and  B  A  of  the  PS  molecule  were 
calculated  by  means  of  Eqs.  (11.120)  and  (11.121),  i.e.,  without  tak¬ 
ing  into  account  the  differences  between  the  constants  of  PS  in  the 
ground  and  excited  electronic  states.  Table  121  gives  the  values  of 
the  magnitudes  0  and  x,  the  coefficients  in  the  equations  (11.137) 
and  (II.I38)  and  tne  constants  and  Cg  in  Eqs.  (Il.l6l)  and  (11.162). 
The  values  of  and  Cg  Include  the  addends  R  In  4,  corresponding  to 

p 

the  state  X  n. 

The  uncertainty  in  the  calculated  values  of  the  thermodynamic 
functions  of  PS  at  T  <  1000 °K  are  mainly  due  to  the  inaccuracy  of  the 
constant  of  the  multiplet  splitting  and  the  constant  Bg  (the  uncertain¬ 
ty  in  the  value  of  $*298  15  ls  0.8  cal/mole ‘degree).  At  higher  temp¬ 
eratures  the  errors  are  due  mainly  to  the  inaccuracy  of  the  constant 
Bg  and  amount  to  approximately  0.3  cal/mole • degree  In  the  values 

at  T,  equal  to  3000  and  600°K.  Other  calculations  of  the  thermo¬ 
dynamic  functions  of  PS  are  not  known  In  the  literature. 

PN.  The  thermodynamic  functions  of  gaseous  phosphorus  mononitride 
are  presented  in  Table  128  (II).  The  calculation  was  carried  out  on  the 
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basis  of  Eqs.  (II. l6l)  and  (II.  162)  using  the  molecular  constants  ox' 

PN  in  Table  117.  The  values  of  Ins  and  T-gf  In  2  in  these  equations 
were  calculated  by  the  method  of  Gordon  and  Barnes  [see  relations 

(11.137)  and  (II..  138)]  without  applying  corrections  for  the  limited 
number  of  rotational  levels  X1!.  The  components  of  the  excited  state 
A^n  were  calculated  on  the  basis  of  Eqs.  (11.120)  and  (11.121),  i.e. , 
without  taking  into  account  the  differences  between  the  constants  of 
PN  in  the  states  X^s  and  A*n. 

Table  121  gives  the  values  of  d,  x,  the  coefficients  In  Eq3. 

(11. 137)  and  (II.I38)  and  also  the  constants  and  Cg  in  Eqs.  (II.161) 
and  (II. 162). 

The  uncertainties  in  the  calculated  values  of  the  thermodynamic 
* 

functions  of  PN  does  not  e  ceed  0.01  cal/fao! e* degree  in  the  values 
$>*T  over  the  entire  temperature  range. 

The  thermodynamic  functions  of  PN  were  calculated  previously  by 
Kelley  [2364]  (s°298  ig)»  McCallum  and  Lelfer  [2687]  (up  to  1000°K) 
and  Potter  rnd  Distefano  [3314a]  (to  5000°K).  Only  the  electronic 
giound  state  of  the  PN  molecule  was  taken  into  account  in  these  cal¬ 
culations,  for  which  the  same  values  of  the  constants  were  adopted  as 
in  the  present  Handbook.  McCallum  and  Leifer  [2687]  carried  cut  the 
calculations  by  the  method  of  Mayer  and  Goeppert-Mayer  and  used  sever¬ 
al  values  of  the  physical  constants  different  from  those  in  the  pre¬ 
sent  Handbook.  Potter  and  Distefano  [3314a]  carried  out  the  calcula¬ 
tion  by  a  more  accurate  method  and  on  the  basis  of  using  the  same  val¬ 
ues  of  the  physical  constants  as  in  the  present  Handbook.  The  values 
of  the  thermodynamic  functions  of  PN,  given  In  the  works  [2364,  2687, 
3314a]  coincide  with  the  values  of  the  corresponding  magnitudes  in 
Table  128  (II)  within  the  limits  of  the  above- indicated  uncertainty 
of  the  latter. 
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The  thermodynamic  functions  of  PN,  calculated  in  the  work  [2687] 
are  presented  in  the  Handbook  of  Zeise  [4381,  4384].  The  values  of  the 
thermodynamic  functions  of  PN,  given  in  the  first  and  present  editions 
of  the  Handbook  are  identical. 

P^.  The  thermodynamic  functions  of  gaseous  tetratomic  phosphorus, 
given  in  Table  112  (IX),  were  calculated  on  the  basis  of  Eqs.  (11.243) 
and  (11.244)  using  the  approximate  model  of  the  harmonic  oscillator  - 
rigid  rotator  on  the  basis  of  the  molecular  constants,  given  in  Table 
118.  Table  122  gives  the  values  of  0  and  the  constants  C*^,  C's,  which 
enter  into  Eq.  (11.243)  and  (11.244). 

The  uncertainty  in  the  calculated  values  of  the  thenriv-dynaraic 
functions  are  due  to  the  failure  to  take  into  account  the  anharmonic 
vibrations  of  the  molecule  P^  and  the  inaccuracy  of  the  adopted  values 
of  the  molecular  constants.  They  amount  approximately  to  0.3;  2.0 

and  3.0  cal/mole* degree  in  the  values  $*298  15'  ^3000  and  ‘*’*6000’ 
respectively. 

The  thermodynamic  functions  of  P^  had  been  calculated  earlier 
using  the  approximate  model  of  the  harmonic  oscillator-rigid  rotator 
by  Stevenson  and  Yost  [3864]  (<D^,  —  Hq  to  1500°K  and  S^g^g),  Kelley 

[2363,  2364]  (to  1500°K  ),  Stull  and  Sioke  [3894]  (to  3000°K),  Thya- 
garajan  and  Cleveland  [3989a]  (to  1000°K)  and  Potter  and  Distefano 
[3314a]  (to  5000°K).  In  all  these  calculations  it  was  assumed  that  the 
P^  molecule  is  tetrahedral  and  that  =  2.21  A,  as  in  the  present 

Handbook.  Hence  the  difference  between  the  results  of  these  calcula¬ 
tions  and  the  values  of  the  corresponding  magnitudes  in  Table  112  (IX) 
could  be  due  only  to  the  difference  in  the  adopted  values  of  the  fun¬ 
damental  frequencies  of  the  P^  molecule  and  the  values  of  the  physi¬ 
cal  constants.  The  marked  difference  between  the  values  of  the  ther¬ 
modynamic  functions,  presented  in  the  work  [3989a]  and  Table  112  (II) 
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is  due  to  a  gross  error  in  the  calculations  of  the  authors  of  this 
work::  the  translational  and  rotational  components  were  added  to  the 
vibrational  components,  divided  by  R.  For  the  calculation  of  these 
vibrational  components,  the  authors  of  the  work  [3989a]  used  the  val¬ 
ues  of  the  magnitudes  of  +  2%  +  *„,  «s  +7»*u  and  >  calcula¬ 

ted  by  Pistorius  [3250bj  (see  p.  797). 

TABLE  122 

Values  of  the  Constants  for  the  Calculation  of  the  Thermo¬ 
dynamic  Functions  of  Gaseous  P^,  P^Og,  P^Og,  p4°iq»  Pf2» 

PF3,  P?5,  P0?3,  PC13,  PC15  and  P0C13 


A.. 

A 

[  m&mm  tul  C  [ 

P.  ; 

172(1);  522(2};  660(3) 

8,7373 

16,6861 

PA" 

....  v  ;* 

‘  062(1);882(1);  1480(2);  669(2) 

532(3);  817(3);  1322(3);  825(3) 
y  *»W;  434(3) 

13,8348 

21,7830 

PA 

—  •  • 

18,7386 

20,6877 

.  *«• «. 

PA. 

*  «. 

2038(1);  1037(1);  810(1);  1370(2) 

838  (2);' 400 (2);  19W(3);  1488(3) 
1000(3);  804(3);  473(3);  370(3) 
063(3);«47  (3);  432(3) 

16,4202 

* 

24,3683 

PP. 

ilM(l);  837(1);  1248(1) 

6,5311 

14,4790 

PF. 

\f*  1383(1);  701  (1);  1237(2);  485(2) 

8,3658 

16,3145 

*  PP* 

•  ’7  iawr(!);  800(1);  1384(1);  828(1) 
1174(0;  788(2);  583(2);  804(2) 

10,2519 

18,2006 

POft 

2038(1 Y.  1258(1 Y.  881(1);  1424(1) 
888(2);  408(2)  * 

0,0006 

17,9389 

0-  - 

PC. 

730.0(1);  374,2(1);  710.0(2) 

271,0(2) 

13,1389 

21,0680 

:*x  587(1);  587(1);  800(1);  253(1) 

852(2);  482(2);  144(2);  403(2)  . 

15,3370 

23,2861 

POO, 

1066,00(1);  000.00(1);  384,72(1) 
830^2(2);  485.51  (2);  277,47(2) 

13,0780 

21,9270 

A)  Substance;  3)  degree;  C)  cal/mole »degree. 

Obsolete  values  of  the  fundamental  oscillation  frequencies  of  the 


-  828  - 


molecule  P^  were  used  in  the  calculations  of  Stevenson  and  Yost  [3864} 
owing  to  which  the  difference  between  the  values  of  <J>#T,  given  in  the 
work  [3864]  and  in  Table  112  (II)  is  about  0.1  cal/  mole ‘degree.  The 
thermodynamic  functions  of  P^,  calculated  by  Stevenson  and  Yost  and 
several  additional  calculations,  carried  out  by  other  authors,  are 
presented  in  the  summaries  of  Brewer  [10933,  Ziese  [4381,  4384]  and 
Vvedenskiy  [119a].  The  values  of  the  fundamental  frequencies  of  the 
P^  molecule,  used  in  the  calculations  of  Kelley  [2363,  2364]  and  Stull 
and  Sinke  [3894],  are  unknown.  It  can  merely  be  stated  that  the  dif¬ 
ferences  between  the  values  of  $>*£  and  S°T,  presented  in  these  works 
and  those  in  Table  112  (II)  do  not  exceed  0.05  cal/mole* degree.  In  the 
calculations  of  Potter  and  Distefano  [3314a]  it  was  assumed  that  = 
=  46l  cm”1  on  the  basis  of  the  infrared  spectrum  of  a  solution  of 
white  phosphorus  in  CS2  [764]  in  contrast  to  -  465  cm”1,  adopted 
in  the  present  Handbook  on  the  basis  of  a  study  of  the  Raman  spectrum 
of  liquid  phosphorus  [4078]  and  the  infrared  spectrum  of  phosphorus 
vapor  [1903].  In  consequence  of  this,  the  calculations  of  Potter  and 
Distefano  led  to  slightly  larger  values  of  the  thermodynamic  functions 
of  P^  than  those  given  in  Table  112  (II).  The  values  of  the  thermody¬ 
namic  functions  of  P^,  given  in  the  first  and  second  editions  of  the 
Handbook,  are  identical. 

*4 °6*  The  thermodynamic  functions  of  gaseous  phosphorus  trioxlde, 
given  in  Table  114  (II)  were  calculated  by  means  of  Eqs.  (11.243)  and 
(11.244)  using  the  approximate  model  of  the  harmonic  oscillator-rigid 
rotator  with  the  molecular  constants,  adopted  in  TaMe  118.  The  values 
of  the  constants  @n  and  C’$  and  C’g,  which  enter  int">  the  formula  for 
calculating  the  thermodynamic  functions  of  P^Og,  are  given  in  Table 
122. 

The  uncertainty  in  the  calculated  values  of  the  thermodynamic 
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functions  are  mainly  due  to  the  failure  to  take  into  account  the  an- 
harmonic  vibrations  and  the  inaccuracy  of  the  molecular  constants  and 
amount  approximately  to  1,  7  and  10  cal/mole ‘degree  in  the  values  of 
$*T  at  298.15;  3000  and  6000°K. 

The  differences  in  the  thermodynamic  functions  of  P^Og,  given 
in  the  first  and  present  editions  of  the  Handbook,  amount  to  0. 1 
cal/mole* degree  for  298.15°K  and  0.5  cal/mole ‘degree  for  medium  and 
high  temperatures.  The  divergence  is  due  to  a  certain  difference  in  the 
molecular  constants  of  P^Og,  used  in  the  calculations.  Other  calcula¬ 
tions  of  the  thermodynamic  functions  of  P^Og  are  not  known  in  the 
literature. 

P^Og.  The  thermodynamic  functions  of  gaseous  phosphorus  dioxide 
given  in  Table  115  (II)  were  calculated  on  the  basis  of  the  Eqs. 
(11.243)  and  (11.244).  The  vibrational  components  of  the  thermodynamic 
functions  of  P^Og  were  calculated  as  the  arithmetic  mean  of  the  cor¬ 
responding  components  of  phosphorus  trioxide  and  pent oxide,  because 
an  estimate  of  the  fundamental  frequencies  of  the  P4q8  molecule  is  im¬ 
possible  at  the  present  time.  The  rotational  components  cf  the  func¬ 
tions  of  P^Og  were  calculated,  using  an  approximate  model  of  the  rigid 
rotator.  The  values  of  the  constants  C * ^  and  C’g  in  the  formula 
(11.243)  and  (II. 244)  are  given  in  Table  122. 

The  uncertainty  in  the  calculated  values  of  the  thermodynamic 
functions  of  P^Og  is  due  to  the  use  of  a  coarse  method  of  estimating 
vibrational  components  and  the  absence  of  experimental  data  on  the 
structural  parameters  of  P^Og.  These  amount  to  approximately  2,  9 
and  13  cal/fcole ‘degree  in  the  values  of  at  T  =  298.15;  3000  and 
6000°K  respectively.  The  difference  between  the  values  of  the  thermo¬ 
dynamic  functions  of  P^Og,  given  in  the  first  and  present  edition  of 
the  Handbook,  amount  to  about  5  cal/faole ‘degree  on  accomt  of  the 
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which  led  to 


changes  in  the  vibrational  components  of  P^Og  and  P^C^q, 
a  change  in  the  vibrational  components  of  P^Og.  calculation  of 

the  thermodynamic  functions  of  P^Og  are  not  known  in  the  literature. 

The  thermodynamic  functions  of  phosphorus  pentoxide,  given 
in  Table  116  (II),  were  calculated  by  means  of  Eqs.  (11,243)  and 
(11.244)  using  the  approximate  model  of  the  harmonic  oscillator  - 
rigid  rotator  with  the  molecular  constants,  adopted  in  Table  118. 

Table  122  gives  the  values  of  0 and  the  constants  C'^  and  C‘s  in  the 
formulae  (11.243)  and  (11.244). 

The  uncertainty  in  the  calculated  values  of  the  thermodynamic 
functions  of  phosphorus  pentoxide  are  due  to  neglecting  the  anharmonic 
vibr*  vions  and  to  the  inaccuracy  of  the  molecular  constants  of  this 
molecule.  They  amount  to  approximately  2,  10,  and  15  cal/mole 'degree 
in  the  values  of  at  T  =  298.15;  3000  and  6000°K. 

On  the  basis  of  the  results  of  the  calorimetric  measurements,  ob¬ 
tained  by  Frandsen  [1595],  Kelley  [2363]  developed  an  equation  for 
the  dependence  of  H°T  —  H°2^g  ^  on  the  temperature  and  calculated  the 
values  of  H°T  —  K°2^g  and  S°T  -  S°2^g  for  solid  phosphorus  pen¬ 
toxide  and  its  vapor  up  to  l400°K.  On  the  basis  of  the  molecular  con¬ 
stants  of  P^O^q,  the  thermodynamic  functions  of  gaseous  phosphorus 
pentoxide  were  calculated  for  the  first  time  during  the  preparation  of 
the  first  edition  of  the  present  Handbook.  In  consequence  of  the  fact 
that  the  values  of  several  frequencies  of  the  doubly  and  triply  de¬ 
generate  vibrations  of  the  P^O-^q  molecule  in  the  first  ed't,i  >n  of  the 
Handbook  were  much  too  low,  the  differences  between  the  corresponding 
values  of  and  S°^,  presented  in  the  first  and  present  edition  of 
the  Handbook,  amount  to  approximately  10  cai/mole 'degree.  The  thermo¬ 
dynamic  functions  of  gaseous  P^O^  were  also  calculated  on  the  basis 
of  the  molecular  constants  by  Topley  [4000]  for  the  temperature  Inter- 
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val  298. l6-l400°K.  The  values  of  the  thermodynamic  functions  of  P^01C) 
given  in  the  work  [4000]  agree  with  the  values,  given  in  Table  116 
(II)  within  the  limits  of  the  above- indicated  uncertainty  of  the  lat¬ 
ter. 

PPg.  The  thermodynamic  functions  of  gaseous  phosphorus  difluoride 
given  in  Table  119  (II),  were  calculated  by  means  of  Eqs.  (11.243) 
and  (11.244)  using  the  approximate  model  of  the  harmonic  oscillator  - 
rigid  rotator  with  the  molecular  constants  of  PFg,  given  in  Table  119. 
Table  122  gives  the  values  of  and  also  the  values  of  the  constants 
C'^  and  C'g  in  the  eqs.  (11.243)  and  (11.244)  used  in  the  calcula¬ 
tions.  Because  the  molecule  ?Fg  has  a  doublet  electronic  ground  state, 
the  addends  R  In  2  are  included  in  the  values  of  C'^  and  C't,. 

The  uncertainty  in  the  calculated  values  of  the  thermodynamic 
functions  of  phosphorus  difluoride  are  due  to  the  disregard  of  the  an- 
hannonic  nature  of  the  vibrations  of  the  molecule  PF2  and  the  inac¬ 
curacy  of  the  adopted  values  of  the  molecular  constants.  These  are 
approximately  0.3;  1.5  and  2.0  cal/mole ‘degree  in  the  values  of  <P*y, 
at  T  «  298.15;  3000  and  6000 °K,  respectively.  The  thermodynamic 
functions  of  phosphorus  difluoride,  given  in  the  first  and  present 
editions  of  the  Handbook,  are  identical.  Other  calculations  of  the 
thermodynamic  functions  of  PFg  are  not  known. 

PFy  The  thermodynamic  functions  of  phosphorus  trifluoride,  giv¬ 
en  in  Table  120  (II),  were  calculated  on  the  basic  of  Eqs.  (11.243) 
and  (11.244)  in  accordance  with  the  approximate  model  of  the  harmonic 
oscillator  -  rigid  rotator  with  the  molecular  constants,  adopted  in 
Table  119.  Table  122  gives  the  values  of  6 and  also  the  constants 
C'^  and  C's  in  the  equations  (11.243)  and  (11.244),  used  in  the  cal¬ 
culations. 

The  uncertainties  in  the  calculated  values  of  the  thermodynamic 

-  832  - 


functions  of  PF^  are  due  mainly  to  neglecting  the  anharmonic  vibrations 
of  the  molecules  and  the  Inaccuracy  of  the  values  of  the  molecular 
constants  used  in  the  calculations.  These  have  a  magnitude  of  the  or¬ 
der  of  0.5;  2.0  and  3*0  cal/toole ‘degree  in  the  values  of  $>*T  at  T  « 

=  298.15;  3000  and  6000%  respectively. 

The  thermodynamic  functions  of  PF^  have  been  calculated  earlier 
by  Stevenson  and  Yost  [3864]  (to  1000°K),  Kelley  [2363,  2364]  (to 
2000 °K),  Wilson  and  Polo  [4297]  (to  1500°K)  and  Potter  and  Distefano 
[3314a]  (to  5000 °K).  The  calculations  of  Stevenson  and  Yost  [3864], 
based  on  obsolete  starting  data,  were  later  supplemented  by  Kelley 
[2363,  2364]  and  Zelse  [4384].  The  results  of  these  calculations  are 
given  in  the  summaries  of  Zeise  [4381,  4384]  and  Vvedenskiy  [119a]. 

The  differences  between  the  values  of  and  S°T  of  phosphorus  tri- 
fluoride,  given  in  the  works  [3864,2363. 2364, 4384]  and  in  Table  120  (II) 
amount  to  0. 5-1.5  cal/mole- degree  in  consequence  of  the  fact  that  in¬ 
accurate  values  of  the  molecular  constants  were  used  in  these  works. 

The  calculations  of  Wllaon  and  Polo  [4297,  and  Potter  and  Distefano 
[3314a]  were  based  on  the  same  values  of  the  molecular  constants  of 
PF^  as  in  the  present  Handbook.  The  same  values  of  the  physical  con¬ 
stants  and  atomic  weights  of  the  elements  were  used  in  the  work  [3314a] 
as  in  the  Present  Handbook.  The  differences  between  the  values  of 
and  S°,p  of  phosphorus  triflucride,  given  in  tne  work  [42973  and 

in  Table  120  (II)  amount  to  approximately  0.04  cal/mole* degree;  the 
corresponding  differences  between  [3314a]  and  Table  120  (II)  are  about 
0.003  cal/mole ‘degree.  The  former  are  due  to  a  certain  difference  in 
the  adopted  values  of  the  molecular  weight  of  PF^  and  the  physical  con¬ 
stants,  the  latter  are  due  to  rounding  off  in  the  calculations. 

The  thermodynamic  functions  of  PF^,  presented  in  the  first  and 
present  editions  of  the  Handbook,  are  identical. 

PFc  .  The  thermodynamic  functions  of  phosphorus  pentafluoride. 
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given  in  Table  121  (IX),  were  calculated  by  means  of  Eqs.  (11.243) 
and  (11,244)  using  the  approximate  model  of  the  harmonic  oscillator 
-  rigid  rotator  with  the  molecular  constants,  given  in  Table  120. 

Table  122  gives  the  values  of  @n  abd  also  the  values  of  the  constants 
C*^  and  C'g  in  the  formulae  for  the  ca  oulation  of  the  thermodynamic 
functions  of  PF^. 

The  uncertainties  in  the  calculated  values  of  the  thermodynamic- 

functions  are  mainly  due  to  neglecting  the  anharmonic  vibrations  of 

tnis  molecule  and  the  inaccuracy  of  the  molecular  constants  of  PFC 
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used  in  the  calculations.  They  are  of  a  magnitude  of  the  order  of 
1,  6  and  8  cal/mole -degree  in  the  values  of  at  T  -  298.15;  3000 
and  6000°K.  The  thermodynamic  functions  of  PF^,  give1'-  in  the  first 
and  present  editions  of  the  Handbook,  are  identical.  Other  calcula¬ 
tions  of  the  thermodynamic  functions  of  PF  are  not  known  in  the 
literature. 

POFq.  The  thermodynamic  functions  of  phosphorus  oxytrifluoride, 
given  in  Table  122  (II),  were  calculated  on  the  basis  of  Eqs.  (11.243) 
and  (11.244)  by  means  of  the  approximate  model  of  the  harmonic  osci¬ 
llator  -  rigid  rotator  with  the  molecular  constants  of  POF^,  given  In 
Table  119.  Table  122  gives  the  values  of  ©n  and  also  the  values  of  the 
constants  C'^  and  C'g  which  entrr  into  the  formulae  (II. 243)  and 
(11.244). 

The  uncertainties  in  the  calculated  values  of  the  thermodynamic 
functions  of  POF^  are  mainly  due  to  the  fact  that  the  anharmonic  vib¬ 
rations  of  the  molecule  POF^  were  neglected  and  to  the  inaccuracy  of 
the  molecular  constants.  These  amount  to  0.5;  3  and  4  cal/mole •degree 
in  the  values  of  <&*,p  at  T  =  298.15;  3000  and  6000°K. 

The  thermodynamic  functions  of  POF^  In  the  approximate  model  of 
the  haimonic  oscillator  -  rigid  rotator,  were  calculated  by  Ziomek 


and  Fiotrowski  [4389b j  within  the  temperature  range  of  200-1000 °K. 

The  values  of  and  S°T  given  in  the  work  [4389b]  exceed  the  eor- 
responding  values  of  these  magnitudes  In  Table  122  (II)  by  about  0.2 
cal/fcole ‘degree  in  consequence  of  a  slight  difference  in  the  adopted 
values  of  the  molecular  constants.  In  particular,  the  authors  of  the 
work  [4389b]  used  the  values  of  the  basic  frequencies  of  the  molecule 
POF^,  found  by  Delwaulle  and  Francois  [1306]  during  their  investiga¬ 
tions  of  the  Raman  spectrum  of  liquid  phosphorus  oxy trifluoride  for 
calculating  the  thermodynamic  functions  of  gaseous  POFy 

FCIq.  The  thermodynamic  functions  of  gaseous  phosphorus  tri¬ 
chloride,  given  in  Table  124  (II),  were  calculated  by  means  of  Eqs. 
(11.243)  and  (11.244)  on  the  basis  of  the  approximate  model  of  the 
harmonic  oscillator  -  rigid  rotator  with  the  molecular  constants  of 
PCl^,  given  in  Table  119*  Table  122  gives  the  values  of  6 n  and  also 
the  values  of  the  constants  C'^  and  C’g,  which  enter  into  the  formu¬ 
lae  (11,243)  and  (11.244). 

The  uncertainties  in  the  calculated  values  of  the  thermodynamic 
functions  of  PCl^  are  mainly  due  to  the  disregard  for  the  enharmonic 
vibrations  of  the  molecule  PCl^  and  the  inaccuracy  of  the  molecular 
constants.  These  amount  to  about  0.4;  2.5  and  3  cal/foole* degree  in  the 
values  for  at  T  «  298. 15;  3000  and  6000°K. 

The  thermodynamic  functions  of  FCl^  have  been  calculated  pre¬ 
viously  by  Stevenson  and  Yost  [3864]  ($>*T  to  1000°K  and  S°2gg  1(g)  and 
Kelley  [2363,  2364]  (S°T  -  S°2Qg<l6  to  1000°K  and  S°2gB  l6).  The  val¬ 
ues  of  for  PCl^,  calculated  in  the  work  [3864],  are  given  in  the 
summaries  of  Zeise  [4381,  4384].  The  values  of  S°^,  to  1000°K,  calcu¬ 
lated  on  the  basis  of  the  data  In  the  work  [3864]  are  also  presented  in 
the  book  [4384]  for  PCI^.  Kelley  [2363]  established  the  interpolation 
equations  for  H°^,  —  H°2gg  on  the  basis  of  the  equations  for  the 


specific  heat  of  PCl^  and  calculated  the  values  of  H°T  -  H°2^g 
and  S°T  —  S°2^q  25  to  10G0°K.  The  thermodynamic  functions  of  PC1^> 
calculated  in  the  works  [3864,  2363,  2364,  4384]  differ  from  those 
given  in  Table  124  (II)  by  about  0.2  ca 1/mole ‘degree,  mainly  because 
of  the  differences  in  the  adopted  values  of  the  molecular  constants  of 

rch- 

The  thermodynamic  functions  of  PCl^  were  not  given  in  the  first 
edition  of  the  Handbook. 

PClc-.  The  thermodynamic  functions  of  gaseous  phosphorus  penta- 
chlorlde  given  in  Table  125  (II),  were  calculated  by  means  of  Eqs. 
(11.243)  and  (11.244)  in  accordance  with  the  approximate  model  of  the 
harmonic  oscillator  -  rigid  rotator  with  the  molecular  constants  of 
PCly  given  in  Table  120.  Table  122  3hows  the  values  of  and  also 
the  values  of  the  constants  C’^  and  C*s  which  enter  into  formulae 
(11.243)  and  (11.244). 

The  uncertainties  in  the  calculated  values  of  the  thermodynamic 
functions  of  PCl^  are  caused  by  the  disregard  for  the  anharmonic  vi¬ 
brations  of  the  molecule  PCl^  and  the  inaccuracy  of  the  molecular 
constants.  These  amount  to  2,  c  and  8  cal/mole* degree  in  the  values 
<f  at  T  =  298.15;  3000  and  6000°K,  respectively. 

The  thermodynamic  functions  of  PCl^  had  been  calculated  earlier 
by  Stevenson  and  Yost  [3864]  (<t*T  to  1000°K,  S?gg  Kelley  [2363] 
(S0,p  —  S°g^g  2g  to  500°K)  and  Wilmshurst  and  Bernstein  [4284]  (to 
1500°K).  The  thermodynamic  functions  of  PCi^,  calculated  in  the  work 
[3864]  are  given  in  the  summaries  of  Zeise  [4381,  4384].  The  values  of 
S*\j,  for  PCl^  to  500°K,  calculated  by  Zeise  on  the  basis  of  the  data 
in  the  work  [3864]  wore  also  given  in  the  book  [4384].  Kelley  [2363] 
established  the  interpolation  equation  for  H°T  -  H°2gg  on  the  basis 
of  the  equations  for  the  specific  heat  of  PCl^  and  calculated  the  val- 
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to  500 °K.  The  differences 


ues  of  H°t  -  ^°2gQ.iS  and  S°T  S°298.l6 
between  the  thermodynamic  functions  of  PCl^,  calculated  in  the  works 

[3864,  2363,  2364,  4284)  and  those  given  in  Table  125  (II),  are  0,7 
to  5  cal/mole ‘degree.  These  differences  can  be  explained  by  the  dif~ 
ference  in  tne  adopted  values  of  the  molecular  constants  of  PCl^. 
Wilmshurst  and  Bernstein  [4284]  calculated  the  thermodynamic  functions 
of  PCl^  on  the  basis  of  the  vibrational  constants,  obtained  by  the 
authors  of  the  work  [4284].  The  interatomic  distances,  also  calculated 
by  the  authors  of  tue  work  [4284],  on  the  basis  of  Badger's  rule 
[596]  from  the  force  constants,  coincided  with  the  data  from  the  work 
of  Ronault  [3537]  which  were  adopted  in  ^he  present  Handbook.  How¬ 
ever,  an  error  was  committed  in  the  calculation  of  the  inertia  moments 
of  PC  1,-  by  the  authors  of  the  work  [4284],  owing  to  which  the  values 
of  the  thermodynamic  functions  of  PCl^,  calculated  by  them  are  ap¬ 
proximately  by  0.3  cal/mole ‘degree  lower  than  those  given  in  Table 
125  (II). 

The  thermodynamic  functions  of  PCl^  have  not  ieen  given  in  the 
first  edition  of  the  Handbook. 

POCip.  The  thermodynamic  functions  of  gaseous  phosphorus  oxytri- 
chloride,  given  in  Table  126  (II),  were  calculated  by  me^ns  of  Eqs. 
(XI. 243)  and  (11.244)  on  the  basis  of  the  approximate  model  of  the 
haimonic  oscillator  -  rigid  rotator  with  the  molecular  constants, 
adopted  in  Table  119-  The  values  of  the  constants  C'^  and  C's  which 
enter  into  formula  (11.243)  and  (11.244)  and  also  the  values  of  Cn, 
used  in  the  calculations,  are  given  in  Table  122. 

The  uncertainty  in  the  calculated  values  of  the  thermodynamic 
functions  of  POCl^  are  mainly  due  to  the  fact  that  the  anharmonic  vi¬ 
brations  of  the  molecule  POCl^  were  disregarded  and  to  the  inaccuracy 
of  the  molecular  constants.  These  are  0.7,  4  and  5  cal/mole ‘degree  In 
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the  values  of  $*T  at  T  =  298.15;  3000  and  6000 °K. 

The  thermodynamic  functions  of  gaseous  POCl^  had  been  calcula¬ 
ted  earlier  by  Stevenson  and  Yo^t  [3864]  ($>*T  to  1000°K  and  S°29g. 16^* 
Ziomek,  Piotrowski  and  Walsh  [4389a]  (S^s.ig)*  ott  and  31au<*ue 
[3152a]  (to  500°K)  and  Ziomek  and  Piotrowski  [4389b]  (to  1000°K). 

Zeise  [4381.  4384]  supplemented  the  calculations  of  Stevenson  and 
Yost  on  the  basis  of  the  molecular  constants  of  POCl^,  adopted  in  the 
work  [38643.  The  Tables  of  the  thermodynamic  functions,  established  by 
Zeise  in  the  work  [4381],  are  presented  in  the  book  by  Vvedenskiy 
[119a].  The  calculations  of  Stevenson  and  Yost  [3864]  and  Ziese 
[4381,  4384]  were  based  on  the  erroneous  values  of  the  structural 
parameters  of  the  molecule  POCl^,  found  by  Brockway  and  Beach  [958] 
(see  page  810).  Owing  to  this,  the  values  of  <I>*T  and  S°T,  given  in 
the  works  [3864,  4381,  4384,  119a]  exceed  the  values  of  the  corres¬ 
ponding  magnitudes  in  Table  126  (II)  by  about  0.2  cal/mole ‘degree. 

Ziomek,  Piotrowski  and  Walsh  [4389a],  using  the  same  values  of 
the  molecular  constants  of  POCl^  as  in  the  present  Handbook,  calcu¬ 
lated  S°ggQ  =  77-37  cal/mole ‘degree  in  agreement  with  the  values, 
given  in  Table  126  (II).  The  correctness  of  this  value  was  disputed 
by  Ott  ana  Giauque  [3152a],  who  calculated  S°29g_19  =  77-75  cal/mole* 
•degree  on  the  basis  of  the  results  of  their  calorimetric  measure¬ 
ments.  However,  the  value  of  S°29g  1C,  calculated  in  the  work  [4389a] 
on  the  basis  of  the  molecular  constants  of  POCl^  and  in  the  work 
[3152a]  on  the  basis  of  ilorimetric  measurements,  do  not  contradict 
each  other,  if  one  takes  into  account  that  the  uncertainty  of  the 
value  S°g9g  15,  calculated  on  the  basis  of  the  molecular  constants  of 
POCly  is  about  1  calAiole ‘degree.  Besides,  the  possibility  cannot  be 
excluded,  that  the  street ure  of  solid  POCl^  at  0°K  is  not  completely 
ordered,  in  consequence  of  which  Ott  and  Giauque  could  have  obtained 
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a  slightly  higher  value  of  S^^g  15**  These  circumstances  were  not 
taken  into  account  by  Ott  and  Giauque,  who  interpreted  the  above-  men¬ 
tioned  difference  in  the  values  of  S^g  ^  (POCl^,  gas)  as  an  error 
with  regard  to  the  fundamental  frequencies  of  the  POCl^  molecule,  al¬ 
though  the  results  of  the  analysis  of  the  spectra  of  POCl^  did  not 
provide  any  grounds  for  this  (see  page  811).  Altering  the  assignment 
of  the  fundamental  frequencies  of  POCl^  in  such  a  manner  that  the 
value  of  S°2£g  -j^,  calculated  on  their  basis,  should  be  close  to  that 
found  by  them  on  the  basis  of  the  calorimetric  measurements,  Ott  and 
Giauque  calculated  the  values  of  the  thermodynamic  functions  of  gas¬ 
eous  POCl^  for  the  temperature  interval  15-500 °K  in  the  work  [3152a]. 
The  values  of  and  S°T,  given  in  the  work  [3152a]  exceed  the  val¬ 
ues  of  the  corresponding  magnitudes,  given  in  Table  126  (II)  by  0.2- 
-0.4  cal/mole-degree. 

In  1961,  Ziomek  and  Piotrowskl  [4389b]  published  a  Table  of  the 
thermodynamic  functions  of  POCl^,  calculated  by  means  of  the  same 
molecular  constants,  as  in  the  present  Handbook  for  T  =  200-1000 °K. 

The  corresponding  values  of  the  thermodynamic  functions  of  POCl^, 
given  in  the  work  [4389b]  and  in  Table  126  (II),  agree.  The  objections 
of  Ott  and  Giauque  [3152a]  in  the  work  [4389b]  were  not  examined. 

The  thermodynamic  functions  of  POCl^  were  not  given  in  the  first 
edition  of  the  Handbook. 

§56.  THEH40CHEMICAL  MAGNITUDES 

The  standard  modification  of  Phosphorus  is  the  a  modification 
of  crystalline  white  phosphorus  —  P  (cryst.  white,  a). 

The  enthalpy  values  of  white  phosphorus  adopted  in  the  Handbook 

1236 ±10 

^w.u—  At  *  1264  ±10 


3  . 


3  I 


-  839  - 


were  calculated  by  Khachkurucov  [435]  on  the  basis  of  the  data  exist¬ 
ing  in  the  literature  on  the  specific  heat  of  white  phosphorus  [1325, 
1517,  4369],*  its  vapor  pressure  [1249,  2725]  and  the  transformations 
of  the  P-modiflcation  of  white  phosphorous  to  the  a-modification  [934, 
935] •** 

P  (gas).  The  value  of  the  heat  of  formation  of  monatomic  phos¬ 
phorus  adopted  in  the  Handbook. 

A/P/#(P,  •»•)«>  75,571  ±0,05  keal/g-atom 
was  calculated  on  the  basis  of  the  adopted  thermochemical  magnitudes 
for  Pj^  and  P2  (see  further  on). 

P2  (gas).  Herzberg  [2015]  found  the  predissociation  limit  of  the 

state  °f  the  Pg  molecule  to  be  equal  to  51,959  +  20  cm"”1  and 

showed  that  it  corresponds  to  the  dissociation  into  phosphorus  atoms 

P(^S)  +  P(2D).  The  excited  state  of  the  phosphorus  atom  is  a  doub- 

2  2 

let  and  consists  of  the  substates  D^yg  and  D^y2  with  energies, 
equal  to  11,861.7  and  11,376.5  cm-1,  respectively. 

Data  which  would  permit  to  determine  unequivocally  to  which  of 
these  substates  the  state  B3^  of  the  molecule  Pg  corresponds,  are 
entirely  lacking  at  present.  Hence,  the  average  value  D0(Pg)  =  51,959 
-11,369  -  40,590  cm-1  or 

n,<M-u».«w±».o»  Kcal/mole 

is  used  in  the  Handbook. 

To  this  corresponds 

AJr/,(Pt,  «“•)= 34,685 ±0,05  koal/aol* 

P;j  (gas).  The  P^  molecule  is  the  main  product  of  the  evaporation 
of  phosphorus  and  its  heat  of  f ormatlon  can  be  calculated  on  the  ba¬ 
sis  of  the  results  of  the  vapor  pressure  measurements  on  phosphorus. 

A  review  of  the  works  on  the  measurement  of  the  vapor  pressure  of 
phosphorus  is  given  in  the  work  of  Khachkuruzov  [435].  The  most  ac¬ 
curate  data  were  obtained  by  Dainton  and  Kimberley  [1249].  The  vapor 
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pressure  of  phosphorus  has  boon  measured  in  this  work  within  the  tem— 
perature  range  of  250-3l4°K  hy  the  tracer  atom  method.  The  value 
vi  A//°/,(P4,  “•)**  IS,75S.±0,0S  kcal/nole 

adopted  in  the  Handbook,  was  calculated  on  the  basis  of  the  results  of 
the  measurements  of  Dairxton  and  Kimberley  and  the  values  of  the  ther¬ 
modynamic  functions  of  white  phosphorus  [4353* 

Preuner  and  Brockmoller  [33173  and  Stock,  Gibson  and  Stamm  [3866] 
measured  the  equilibrium  constant  of  the  dissociation  reaction: 

(gas)  £  2P2  (gas)  within  the  temperature  range  of  1100-1500°K.  As 
Stevenson  and  Yost  showed  [3864,  43653 ,  the  data  of  Stock  et  al  are 
more  reliable  [3866].  On  the  basis  of  these  data,  the  authors  of  the 
Handbook  calculated  ^(P^  -*  2Pg)  «*  53-62  +  0.05  kcal/mole.  The  mass- 
spectrometric  study  of  the  equilibria  in  phosphorus  vapor  carried  out 
by  Drowart  and  Goldfinger  [14073  led  to  the  magnitrde  £398  ^4  ^P2^  = 

=  55.7  +  0.5  kcal/mole,  or  DQ(P^  -*■  2Pg)  =  54.0  kcal/mole.  This  mag¬ 
nitude  agrees  well  with  that  calculated  on  the  basis  of  the  data  of 
Stock  et  al.  [3866],  but  isless  accurate. 

The  value  of  the  dissociation  energy  of  the  P^  molecules  into 

at  cans 

J)9(P«)  ■=  285,733^0,2  kcalA‘?l“ 

adopted  in  the  Handbook  is  based  on  the  Handbook  values  of  3>0(P2)  and 
the  above  given  value  of  DQ(?^  calculated  on  the  basis  of  the 

data  of  Stock  et  al  [3866]. 

PO(gas).  Linear  extrapolation  of  the  observed  levels  of  the  vi¬ 
brational  energies  of  the  electronic  ground  state  of  the  FO  molecule 
leads  to  a  clearly  higher  value  DQ(P0)  =  57,000  cm*-1  or  163  kcal/mole 
[1705,  1402).  A  more  satisfactory  value  of  DQ(P0)  =  143  kcal/mole 
was  calculated  by  Rumpf  [35673  on  the  basis  of  the  results  of  a  spec- 
troscopic  study  of  the  cold  luminescence  of  white  phosphorus.  This 
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value  with  an  uncertainty  of  +12  kcal/foole  has  been  recommended  by 
Oaydon  [1668]. 

Dressier  [1402]  found,  by  brief  extrapolation  of  the  vibrational 
energy  levels  of  PO  in  the  B22+  state  that  the  dissociation  limit  of 
this  state  coincides  with  the  predissociation  limit  in  the  P  state, 
which  is  situated  above  the  level  v  =  0  of  the  state  Ar,  approxi¬ 
mately  at  55*000  cm-1.  Assuming  erroneously,  that  the  state  B  is  a 
state  of  the  type  2n,  in  which  PO  dissociates  into  P(2D)  +  0(3P),  he 
obtained  D0(Po)  =  55*000-11,370  =  43*630  cm”1  or  124.7  kcal/mole. 
However,  because  the  state  B  is  a  state  of  the  type  2z+,  the  PO  mol¬ 
ecule  in  this  state  should  dissociate  into  unexcited  atoms  [1402, 
3314a],  i.e. ,  the  dissociation  limits  of  PO  in  the  states  A  and 
A4*  should  coincide.  Hence  Potter  and  Distefano  [3314a]  re-examined 
the  problem  of  the  magnitude  of  DQ(P0).  These  authors  pointed  out 
the  predissociation  of  PO  in  the  states  E  and  E'  (see  Table  116)  at 
49*000  cm”1,  observed  by  Durga  and  Jfeo  [1422]  and  found  that  of  one 
introduces  into  the  value  D»0,  obtained  by  linear  extrapolation  of 
the  levels  of  the  vibrational  energy  of  PO  in  the  state  B22+,  the 
correction  of  Gaydon  [1668],  the  value  DQ(P0)  =  49,500  cm”1  is  ob¬ 
tained.  In  consequence.  Potter  and  Distefano  used  in  their  work  [3314a] 
the  value  DQ(P0)  *  49*000  cm”1  s  140  kcal/mole,  which  agrees  with  the 
values  of  DQ(P0),  found  by  Rumpf  [3567]  and  with  the  values  of  the 
dissociation  energy  of  the  molecules  NO,  SiO  and  SO,  adopted  in  the 
Handbook  (see  Tables  115,  20 6,  88). 

In  the  works  [1422,  1402],  transitions  were  observed  only  into 
the  v  =  0  levels  in  the  states  E  and  E',  which  was  explained  b:  'urga 
and  Rao  [1422]  by  a  predissociation  between  the  levels  v  =  0  and 
v  =  1  of  these  states,  which  according  to  Potter  and  Distefano  [3314a] 
coincides  with  the  dissociation  limits  of  the  states  B2z+  and  A 
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On  the  basis  of  the  data,  given  in  the  work  [1422],  one  can  state  in 
this  case  that  the  dissociation  limit  of  the  PO  molecule  in  the  x2np 
state  is  49*500  +  700  cm"'*'  corresponding  to 

D#  (PO)  *=  141 ,5  ;£  2,0  kcal/noie 

This  value  of  DQ(P0)  has  been  adopted  in  the  present  Handbook.  To  it 
corresponds 

AW*/,  (PO,  «**)—  —7,142^2  kcal/mole 

P^Og  (gas).  The  values  of  the  heat  of  formation  of  F^Og  (cryst.) 
equal  to-488  and-156  kcal/nole,  respectively,  are  given  in  the  works 
of  Ogier  [3118]  and  Berthelot  [781].  The  data  on  which  these  results 
were  based  and  the  methods  of  their  measurement  were  not  published. 

Koemer  and  Daniels  [24553  determined  the  heat  of  combustion  of 
red  phosphorus  in  a  stream  of  NO.  As  the  chemical  analysis  showed, 
the  combustion  products  under  these  conditions  consist  of  P^01Q  and 
PjjOg,  the  P406  content  varying  from  one  experiment  to  another  (bet¬ 
ween  22  and  34#).  The  values  of  the  heat  of  formation  of  P^Og,  equal 
to  -540  +  8  kcal/faole,*  were  calculated  on  the  basis  of  the  experi¬ 
ments  by  Koemer  and  Daniels.  Skuratov  and  coworkers  [35]  corrected 
the  inaccuracy,  tolerated  i.i  the  calculations  of  Koerner  and  Daniels 
and  obtained  the  value  -521  +  22  kcal/faole.  It  should  be  pointed  out 
that  the  use  of  the  method  of  analyzing  the  combustion  products,  used 
in  the  work  [2455]  did  not  pem it  the  determination  of  another  known 
phosphorus  oxide,  P^Og,  which  may  be  the  cause  of  the  slight  error. 

The  value  of  the  heat  of  foimation  of  P^Og  can  be  estimated  by 
comparing  the  heats  of  formation  of  elements  which  are  analogous  to 
phosphorus.  The  ratio.  :of  the  heats  of  formation  of  the  trloxides  and 
pentoxides  of  As,  Sb  and  N  [35093  is  approximately  O.72.  Assuming 
that  this  ratio  will  also  apply  to  phosphorus,  we  obtain  the  value  of 
the  heat  of  formation  of  phosphorus  trioxide  as  -516  kcal/mole  which 
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practically  coincides  with  that  found  in  the  work  [35]. 

The  value  of  the  heat  of  sublimation  of  phosphorus  trioxide, 

=  17  kcal/foole,  was  calculated  on  the  basis  of  the  data  given 

**298.15 

byKelley  for  the  heat  of  fusion  [2358 ]  and  the  heat  of  evaporation 
[2355J  of  phosphorus  trioxide  and  the  thermodynamic  functions  of  li¬ 
quid  phosphorus  trloxlde,  calculated  by  the  method  of  Wenner  [127]. 

On  the  basis  of  the  value  4Hf°2gg  -^(P^Og,  cryst.)  »  -521  ±  22 
kcal/foole  [35]  and  the  above  given  value  of  the  heat  of  sublimation  of 

we  ma8nltude 

AJTf _ 504±a  kcal/mole 

which  has  been  adopted  in  the  Handbook.  To  this  corresponds 

D.(PA)-  1163,731  ±22  kcal/aole 

P,,08  (gas).  Bnmett  and  Schultz  [l48l]  determined  the  value  of 
the  equilibrium  constant  of  the  reaction 

P4Q1  M  +  2C01(g..)  =  Pt018  (*••)  +  2CO  (.-•)  (xv.  1) 
within  the  temperature  range  of  1270-1300°K.  Based  on  these  data  and 
the  values  of  the  thermodynamic  properties  of  the  reaction  components, 
adopted  in  the  present  Handbook,  the  heat  effect  of  the  reaction  (XV. l) 
=  18  +  6  kcal/mole  and  the  heat  of  formation  c'  phosphorus  tet- 
roxide  were  calculated: 

A#7«(P*0»,  ii»i)  -583^8  kcal/aole 
which  was  adopted  in  the  Handbook.  To  this  value  corresponds 

*>#(PA)-1336,38  ±8  kal/moie 

-4^10  (gas).  The  results  of  the  measurements  of  the  heat  of  com¬ 
bustion  of  phosphorus,  obtained  prior  to  1934,  were  examined  by  Bich- 
owsky  and  Rossini  [8133.  The  most  reliable  data  were  obtained  by  Glran 
[1756].  The  calculations  of  Bichowsky  and  Rossini  [813],  based  on 
these  data,  led  to  the  value  dH°f2^g  .^(P^O^q,  solid)  =  -720  kcal/mole. 

Koemer  and  Daniels  [24553  measured  the  heat  of  combustion  of 
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red  phosphorus  in  a  stream  consisting  of  a  mixture  of  nitrogen  and 
oxygen,  which  enabled  them  to  calculate  #i°fggg  ^(P^O^q,  solid)  = 

=  -710  +  4  keal/mole.  Skuratov  and  coworkers  [35]  again  carried  out 
the  calculation  on  the  basis  of  the  data  in  the  wori  [24553  and  found 
a  slightly  larger  value:  4H°f2gg  15^40io/  so^^)  =  “714  +  6  kcal/mole. 

For  the  heat  of  formation  of  the  low-temperature  modification  of 
phosphorus  pentoxide  we  adopted  the  value  ^H°f2^g  =  -717  +  5  kcal/ 

mole,  which  is  the  average  of  the  values,  calculated  on  the  basis  of 
the  measurements  of  Glvan  [1756]  and  Koemer  and  Daniels  [24553* 

The  most  accurate  measurements  of  the  vapor  pressure  of  phospho¬ 
rus  pentoxide  were  carried  out  by  Hill,  Faust  and  Hendricks  [20753* 

The  value  of  the  heat  of  sublimation  of  phosphorus  pentoxide  was  cal¬ 
culated  on  the  basis  of  these  data  as  4Hs2^g  ^  -  30.3  +  1  kcal/mole.* 
The  value  of  the  heat  of  formation  of  phosphorus  pentoxide  in 
the  gaseous  state 

HW7±5  kcal/nole 

calculated  by  means  of  the  above  given  values  of  the  heat  formation 
and  the  heat  of  sublimation  of  P^O^q  (cryst.)  were  adopted  in  the 
Handbook.  To  this  value  corresponds 

D»  (P/)u)  «■  1570,133  15  kcal/mole 
PH  (gas).  The  value 

Pa(!»H)-*701!0  kcal/mole. 

adopted  in  the  Handbook,  has  been  estimated  on  the  basis  of  the  re¬ 
lation 

Dt(PH)  PrfNH) 
b»(PHa)  CSTO* 

The  values  of  the  dissociation  energy  of  NH  and  NH^  from  Table  114 
and  the  value  D^PH^),  calculated  on  the  basis  of  the  value  AH°f2gg  ^ 
(PH^,  gas)  =  2.21  kcal/mole,  presented  in  the  Handbook  [3508]  were 
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used  in  the  calculation.  To  this  value  of  the  dissociation  energy  of 
PH  corresponds 

AITU  (PH,  57,003  ±  10  kcalAole 
PF  (gas).  The  value  adopted  in  the  Handbook 

Dt(PF)*«  105  ±10  kcal/tnole 

was  estimated  on  the  basis  of  the  relation 

D»(PF)  _  Dt(NH) 

D.(PF,) 

The  values  Dq(NH)  and  D^NH^)  from  Table  114  and  the  value  DQ ( PF^ ) 
from  Table  123  were  used  in  the  calculation.  To  the  adopted  value  of 
the  dissociation  energy  of  PF  corresponds 

AW/*  (PF,  1*13)  *  -—11,129  ±  10  kcal/mole 
PF2  (gas).  The  value  adopted  in  the  Handbook 

O«(PFa}-2153:10  kcal/mole 

has  been  estimated  by  means  of  a  method  proposed  by  Karapet ’yants.  The 
values  of  the  dissociation  energy  of  NH,  NHg  and  NH^  from  Table  114 
and  of  PF  and  PF^  from  Table  123  were  used  for  plotting  the  curve. 

To  the  adopted  value  ^(PEg)  corresponds 

A//*/.  (PF„  «m)  «*  —102,629  ±  10  kcal/mole 
PF^  (gas).  Berthelot  [788]  measured  the  heat  of  solution  of  PF^ 
in  aqueous  potash.  However,  because  of  the  indeterminate  nature  of  the 
reaction  products,  the  value  of  the  heat  of  formation  of  PF^  could 
not  be  calculated  on  the  basis  of  these  data.  An  estimate  of  the  heat 
of  formation  of  PF^  by  the  method  of  half-adding,  described  in  the 
work  [469],  leads  to  the  value 

A«7*»,tt(PF,.  ■»•)*»—  215 ±  10  kcal/nola 

which  was  adopted  in  the  Handbook.  The  heats  of  formation  of  PCl^  (gas) 
and  PBr^  (gas)  on  the  basis  of  the  data  [3508]  were  used  in  the  cal¬ 
culation.  Estimates,  carried  out  by  the  methods  of  Kapustinskiy  and 
Karapet ’yants,  confirmed  the  adopted  magnitude  of  the  heat  of  forma- 
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tlon  of  PF-,.  To  the  adopted  value  ZiH°fg^g  ^  (PFg,  Sas)  corresponds 

D,  (PFJ  -  344,633  ±  JO  kcal/mole 

PFc  (gas).  Comparing  the  heats  of  formation  of  the  fluorides  of 
the  elements  in  the  second  period  of  the  Mendeleyev  Table,  Sue  [38953 
calculated  the  value  of  the  heat  of  formation  of  phosphorus  penta.- 
fluoride  as  -335  kcal/mole.  A  more  reliable  estimate  was  carried  out 
by  Kapustinskiy  [2093.  The  value  obtained  by  Kapustinskiy 

A/T/muffF*.  -•«)  — *I5±  10  kcal/Wle 

confirmed  by  ^n  estimate  by  the  method  of  half-adding  [4693,  was 
adopted  in  the  Handbook.  To  this  value  corresponds 

(PF§)  ■  479,88  ±  10  kcal/mole 

POF^  (gas).  Ebel  and  Bretscher  [14433  measured  the  heat  effect 
of  the  reaction:  PF^  (gas)  +  1/2  02  (gas)  =  POF^  (gas),  AH°2gg  - 
-70.6  +1.0  kcal.  According  to  the  value  of  the  heat  of  formation  of 
PF^,  adopted  in  the  present  Handbook,  the  data  of  Ebel  and  Bretscher 
lead  to  the  following  value  for  the  heat  of  formation  of  POF^: 

A/r/aM»(POF».  w)« — 288 Jb  10  kcal/ioV* 

This  value,  adopted  in  the  present  Handbook,  is  confirmed  by  the  re¬ 
sults  of  calculation  by  the  method  of  half-adding  [469).*  To  the  ad¬ 
opted  value  of  the  heat  of  formation  of  POF^  corresponds 

D#  (POF*)  =  473,760  ±  10  kcal/mole 
PCI  (gas).  The  value  adopted  in  the  Handbook 

D,(Pq)®  68  ±10  kcal/nole 

has  been  estimated  on  the  basis  of  the  relation 

0,(10)  _ .  Q»(NK) 

U(pcw 

The  values  of  the  dissociation  energies  of  NH  and  NK^  (see  Table  114) 
and  PCl^  (see  Table  123)  were  used  in  the  calculation.  To  the  adopted 
value  D0(PCl)  corresponds 
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A iru  (pa,  *..)  -  35,921  ±  10  kcal/iole 

PC13  (gas).  Thomsen  [3981]  amd  Berthelot  and  Louguinine  [794] 
measured  the  heat  of  hydrolysis  of  PCl^  (liq. )  and  found  ^291  “  “65.1 
kcal/taole.  Bichowsky  and  Rossini  (813]  calculated  on  the  basis  of  these 
data  the  value  of  the  heat  of  formation  of  PCl^  (liq.)  as  -76.9  kcal/ 
mole. 

The  heat  of  hydrolysis  of  PCl^  (liq. )  was  also  measured  by  Neale 
and  Williams  [3035a]  and  Chamley  and  Skinner  [1091].  Simi.  ar  values 
were  obtained  in  t\  :se  works  for  the  heat  of  formation  of  PCl^  (liq.) 
equal  to  -79*6  Kca  /.iole  and  -79*^  kcal/molo  [1091].  The  main  source 
of  error  in  the  magnitudes,  obtained  by  Neale  and  Williams  [3035a] 
and  Chamley  and  Skinner  [1091]  is  the  inaccurate  value  of  the  heat  of 
formation  of  H^PO^,  used  in  the  calculations.  Hence  Neale  and  Williams 
[3036]  carried  out  measurements  of  the  heat  oE*  hydrolysis  of  PCl^  (liq. ) 
in  an  aqueous  solution  of  bromine.  Under  these  conditions  the  hydro¬ 
lysis  product  of  PCl^  is  H^PO^.  Because  the  heat  of  formation  of  H^PO^ 
is  known  more  accurately  than  the  heat  of  formation  of  H^PO,,  the 
value  AH°f29)rj#15(PCl3,  liq.)  =  -74.4  kcal/mole,  found  by  Neale  and  Wil¬ 
liams  in  the  work  [3036]  is  more  accurate.  This  value  and  taking  into 
account  the  heat  of  evaporation  calculated  by  Kelle  [2355] 

AHv2gg(PCl3,  liq.)  =  8.2+1  kcal/mole  leads  to  the  value 

Wfat, ,u(K3a»  «••)  ■*  —  Wf2±2  kcal/mole 
which  has  been  adopted  in  the  Handbook.  To  this  value  corresponds 

D#  (Pda)  »  226,483  ±  2  kcal/mole 

PC15  (gas).  Thomsen  [3931]  and  Berthelot  and  Louguinine  [794] 
measured  the  heat  of  dissolution  of  crystalline  PCl^  in  water,  which 
enabled  Bichowsky  and  Rossini  [813]  to  calculate  ^  (PCl^, 

cryst.)  =  -106.5  kcal/mole.  The  calculations  in  he  work  [3508]  based 
on  the  use  of  the  measurement  results  [3981,  794]  and  the  more  accur- 
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ate  values  of  the  heat  of  formation  of  the  reaction  components,  led 
to  the  value  ZaTf^g  ^(PCI^,  cryst. )  =  -110.7  kcal/mole.  To  this 
value  corresponds  ^*^298  -^(PCL^,  gas)  =  -95*2  kcal/mole,  because 
^HSg^g  ^(PCl^,  cryst.)  =  15. 5  kcal/mole,  according  to  the  measure¬ 
ments  of  Fischer  and  Jubermann  [1565]* 

Thomsen  [3981]  has  also  measured  the  heat  of  the  reaction 
PQa(llq.)  +  Cl,/***)  »=  PCI,  ( <****•.). 

To  this  value  of  »  -29.69  kcal/mole  corresponds  4Hf  (PClj.,  cryst.) 

=  -104.1  kcal/mole  and  4Hf  (PCly  gas)  =  -89.6  kcal/mole. 

The  results  of  the  measurement  of  the  equilibrium  constants  for 
the  reaction 

PCI,  (*«*)  ^  PCI,  («**)  -f  Cl.  («*•)  (XV.  2) 

were  examined  by  Blchowsky  and  Rossini  [013)  who  calculated  the  heat 
effect  of  this  reaction  as  21+2  kcal/mole.  New,  more  accurate  me¬ 
asurements  of  the  equilibrium  constant  of  the  reaction  (XV. 2)  within 
the  range  422-502°K  were  carried  out  by  Fischer  and  Jubermann  [1565]* 
On  the  basis  of  the  values  of  the  thermodynamic  functions  of  the  equi¬ 
librium  components  of  the  reaction  (XV. 2),  adopted  in  the  Handbook, 
the  value  -  21.45  +0.1  kcal/mole  was  found.  Similar  values  were 
obtained  by  Wilmshurst  and  Bernstein  [4284]  and  Stevenson  and  x'ost 
[3864]  on  the  basis  of  the  data  of  Holland  [2106]  and  Fischer  and 
Jubermann  [1565]. 

The  value 

AW°/,(PC.„  : «..)  =  — §7  ±2  kca  1/moie 

adopted  in  the  Handbook,  is  based  on  the  results  of  the  measurement  of 
the  equilibrium  constant  of  the  reaction  (XV. l).  Tc  this  corresponds 

D,  (PC!,)  *»  305,121  ±  2  keal/nole 

POClo  (gas).  The  results  of  the  measurement  of  the  heat  of  hydro¬ 
lysis  of  liquid  POCl^,  obtained  by  several  researchers,  are  used  for 
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the  calculation  of  the  heat  of  formation  of  POClg.  The  first  measure¬ 
ments  of  the  heat  of  hydrolysis  of  liquid  POCl^  were  carried  out  by 
Berthelot  and  Louguinine  [794]  and  Thomsen  [3981].  The  calculations  of 
the  heat  of  formation  of  liquid  POCly  carried  out  on  the  basis  of 
these  data  in  the  Handbooks  [813,  3508],  led  to  values  of  -147.1  kcal/ 
mole  (at  T  =  291.15°K)  and  -151  kcal/mole  (at  T  =  298.15°K),  respec¬ 
tively. 

Considerably  more  accurate  measurement  results  on  the  heat  of 
hydrolysis  of  liquid  POCl^  were  obtained  by  Neale  and  Williams  [3035a] 
and  Chamley  and  Skinner  [1091].  Values  of  -144.4  and -143*  8  kcal/mole 
were  obtained  in  these  works  of  AH0f2^Q  ^5  (POCl^,  liq. ).  Hence,  the 
mean  value  ^H°f298  15  (P0C13>  )  =  -144.1  kcal/mole  was  adopted  in 

the  present  Handbook,  which  in  conjunction  with  AHv2gg  1 ^  (POCl^,  liq.) 
=9.5  kcal/mole  [3508],  leads  to  the  value 

urfm. a(POa,..M)«:r134,*±l  kcal/mole 
adopted  in  the  Handbook.  To  this  corresponds 

D,<rocu  =  353.234  ±  1,5  kcal/mole 

PS  (gas).  The  dissociation  energy  of  the  "’S  molecule  has  not 
been  determined  experimentally.  The  ratios  of  the  dissociation  energies 
of  the  molecules  No  and  NS,  SiO  and  SiS,  SO  and  S2  are  1.25  +  O.05.  As¬ 
suming  that  this  ratio  also  applies  to  the  corresponding  diatomic  com¬ 
pounds  of  phosphorus,  the  authors  of  the  Handbook  obtained 

D,(PS)  3=  100-^10  kcal/mole 

The  value  of  DQ(PS)  thus  determined  has  been  adopted  in  the  Handbook. 

To  it  corresponds 

MTU  (PS,  ,„)  -  40,058  ±  10  kcal/mole 

PN  (gas).  As  aresult  of  an  unreliable  interpolation  for  the  le¬ 
vels  of  the  vibrational  energy  of  the  ground  (X^z)  and  excited  (A1!!) 
electronic  states  of  the  PN  molecule,  two  values  were  obtained  for 
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D0(PN),  equal  to  180  amd  145  kcal/mole.  Smaller  values  were  recommend¬ 
ed  in  the  monographs  of  Herzberg  [2020]  and  Gaydon  [1668]. 

The  somewhat  larger  value  DQ(PN)  =  152  +  7  kcal/mole  Is  obtained 
by  calculations,  based  on  the  use  of  the  heat  of  combustion  of  solid 
phosphorus  nitride  PN,  measured  by  Wetroff  [4226,  4225],  (AKc^g  ^  * 
~  -166.8  +0.8  kcal/mole)  and  the  value  of  its  heat  of  sublimation 
(£Hs2gg  15  «  50  +  5  kcal/mole),  estimated  In  the  work  [4l6a], 

The  most  accurate  values  of  the  thermochemical  magnitudes  for  PN 
are  based  on  the  measurement  results  of  Huffman  et  a.  [2143]  on  the 
equilibrium  constant  of  the  reaction 

P.  <"*)  +  Na  («m)  2PN  (*..)  (XV.  3  ) 

within  the  temperature  range  of  900-2000°C.  The  calculations  on  the 
basis  of  the  data  in  the  work  [2143]  lead  to  values  of  the  heat  ef¬ 
fect  of  the  reaction  (XV. 3)  4HQ  =  13.83  kcal/mole  and  Dq(PN)  =  163. 65 
kcal/mole.  Practically  the  same  value  for  Dq(PN)  was  obtained  in  the 
[2143];  its  uncertainty  is  estimated  as  +1  kcal/nole.  On  the  basis  of 
these  calculations 

D,  (PN)  =  164  ±  1  kcal/nole 

has  been  adopted  in  the  Handbook,  to  which  corresponds: 

A  IT/,  (PN.  ,„)  -  23,907  ±  1.0  kcal/mole 


TABLE  123 

Adopted  Values  (in  cal/mole)  of  the  Thennochemical  Values  of  Phos 
phorus  and  its  Compounds 
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[Footnotes] 


It  is  possible  that  one  more  aliotropic  modification  of 
phosphorus  exists  £ 1153  but  its  properties  have  not  been 
studied. 


779** 


781* 


782 

785 


787 

789* 

789** 

794 

795 


A  systematic  review  of  the  literature  data  on  the  heats  of 
transformation  of  the  different  crystalline  modifications  of 
phosphorus  is  given  in  the  work  [347a]. 

The  magnitudes  of  the  energy  levels  of  the  phosphorus  atom 
have  been  determined  with  greater  precision  in  1959  cn  the 
basis  of  more  accurate  measurements  of  the  spectrum  of  mon¬ 
atomic  phosphorus  in  the  work  [2791].  The  energies  corres¬ 
ponding  to  the  energy  levels  0,  1,  2,  3,  4  of  the  phospho¬ 
rus  atom  (see  Table  115)*  according  to  the  data  [2791]  are 

0:  11360.9*  11376.4;  18722.65;  and  1874?. 95  cm"1,  respec¬ 
tively. 

Some  bands  of  the  system  B1?*"  —  X'L2+  were  observed  in  ab¬ 
sorption  In  the  work  [2031].  g 

Sreeramamurty  [3829a]  first  observed  transitions  to  lower 
levels  of  vibrational  energy  of  the  *2*  state  of  the  ?2 

molecule  during  a  study  of  the  band  systym  B1^  —  X1!:* 

in  the  emission  spectrum  of  Pp.  He  succeeded  In  measuring 
the  band  edges  of  this  systemf  corresponding  to  v'  =  1-11 
and  v"  =  0-6.  The  work  [3829a]  remained  unnoticed  In  the 
literature,  however,  and  the  data  obtained  in  It  were  not 
used  for  the  calculation  of  the  vibrational  constants  of 
the  Pp  molecule. 

The  values  of  the  following  magnitudes  were  determined 

(in  cm”'*')  in  the  work  [3747]  for  the  state  X^nr  of  the 

PO  molecule:  AG, =  1220.32;  B0  *  0.7348;  a1  =  0.0055; 

A  -  223.99;  p  =6.0077. 

The  conclusion  to  the  effect  that  the  upper  state  of  the 

?  + 

band  system  of  PO,  observed  by  Rumpf,  is  the  state  X 
Is  also  made  in  the  work  of  Walsh  l4i46J. 

An  incorrect  assignment  of  the  type  of  this  electronic  state 
is  given  in  the  book  of  Herzberg  [2020]  and  in  the  handbook 
[64§] »  and  erroneous  values  of  the  vibrational  constants, 
obtained  in  the  work  [1235]  are  given. 

An  unsuccessful  attempt  to  obtain  the  emission  bands  of 
PF,  PCI  and  PBr  In  a  high-frequency  discharge  spectrum  via 
PF^,  PCl^  and  PBr^  was  made  by  Howell  and  Rochester  [2139]. 

These  bands  systems  were  designamted  by  Dressier  as  C  -*  X 
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and  B  -*•  X  systems. 

796  The  accuracy  of  the  determination  of  the  zero  lines  of  the 
PN  bands  with  resolved  rotational  structure  in  the  work 

[12353  Is  estimated  as  +0.08  cm”'*'  and  for  the  bands  with 

unresolved  rotational  structure,  6  cm"*1. 

797  The  band  with  the  two  absorption  maxima  at  1150  and  1173 

cm-1  was  identified  in  the  work  [19033  with  the  frequency 

2Vg  v  Vy  The  assumption  has  been  expressed  in  the  work 

[3250b]  that  these  bands  should  be  assigned  to  the  frequ¬ 
encies  v.^  +  2v^  —  v2  and  2vg  +  v^. 

800  In  a  private  communication,  the  authors  of  the  work  [3733 

agreed  to  the  above-indicated  modifications  in  the  inter¬ 
pretation  of  the  infrared  spectrum  of  liquid  phosphorus 
trioxide  proposed  by  them. 

805  The  force  constants  of  PF_,  calculate  1  on  the  basis  of  Eqs. 

(P4.38)  and  the  values  of^the  basic  irequencies  of  PF„, 

quoted  in  Table  119.  are:  =  4,694*105,  fdd  =  0.512^105; 

f  =  0.8040 *105  dyne/cm. 

809  To  the  frequencies  v.. ,  v2,  v_  in  the  infrared  spectra  of 

POFo  and  P0C1-  correspond  the  parallel  bands  and  in  the  Raman 
spectra,  the  polarized  bands.  To  the  frequencies  v^,  v^, 

Vg  in  the  infrared  spectra  correspond  the  perpendicular 
bands  and  In  the  Raman  spectra,  the  depolarized  bands. 

813*  To  the  frequencies  v^,  correspond  the  parallel  bands, 

and  to  the  frequencies  v^,  Vg,  v^,  the  perpendicular  bands 
of  the  infrared  spectra. 

813**  After  the  present  chapter  had  been  written,  studies  of  the 
Infrared  spectrum  of  gaseous  PF^  [19a 3  were  carried  out  at 

the  state  Optical  Institute.  The  .spectrum  of  PF^  was  ob- 

v  - 

tained  in  this  study  in  the  region  220-5000  cm-1  on  an  ap¬ 
paratus  with  slightly  greater  dispersion  than  in  the  works 
[1904,  32153.  In  the  longwave  region  of  the  spectrum,  the 

band  v„  =  390  cm”'*'  was  observed.  Otherwise  the  measurement 
results,  obtained  in  the  work  [19aj  are  in  agreement  with 
the  measurements  of  Gutowsky,  Liehr  [1904]  and  Pemsler, 

Planet  [32153*  The  authors  of  the  work  [19a],  in  contrast 
to  Gutowsky  and  Liehr,  proposed  to  assign  the  bands  with 

the  centers  576  and  948  cm”'*  to  the  frequencies  Vg  and  v^, 

using  the  assignment  of  the  frequencies  and  v*.  proposed 
by  Gutowsky  and  Liehr.  The  frequencies  of  the  overtones  and 
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the  composite  frequencies,  observed  in  the  infrared  spec¬ 
trum  of  PF^  in  the  work  [19a ],  were  not  interpreted. 

This  can  be  inferred  on  the  basis  of  a  comparison  of  the 
P-Cl  bond  length  in  the  molecules  PCl^  and  PCI-  (see  Page  806 

and  815)  and  a  comparison  of  the  P-F  bond  length  in  the  PF^ 

molecule  (see  page  806)  with  the  P-F  bond  length  in  the  PF^ 

molecule,  found  by  Braune  and  Pinnow  (see  page  815). 

The  results  of  the  researches  of  Siebert  and  Schumacher  are 
given  in  the  works  [3719*4365] . 

After  subtraction  of  the  nuclear  components. 

In  particular,  this  explains  the  greater  value  of  S°21~ 
(S02F2,  gas)  obtained  in  the  work  [845a]  (see  page  648) 

The  work  [13253  gives  data  on  the  heat  capacity  of  white 

phosphorus  at  50 °K,  the  work  [1517]  at  137,  233,  282 °K 
and  the  work  [4369]  at  273 . 15-317 •  33 CK.  The  literature  con¬ 
tains  indications  on  the  measurements  of  the  heat  capacity 
of  white  phosphorus  by  West rum  [104la]  within  the  range  of 
temperatures  15-320 °K  and  by  Morrow  and  Stephenson  [2957] 
from  15  to  300 °K.  The  results  of  these  measurements  have  not 
been  published,  however. 

According  to  the  calculations  in  [4353,  based  on  the  data 
of  Bridgman  [934,  935  3  >  the  heat  of  transformation  of  the 
P  modification  of  white  phosphorus  into  the  a  modification 
at  p  =  1  atm  is  109  cal/g-atom  (Ttr  «  196. 3 °K)  and  at  p  « 

—  6000  atm  139  cal/g-atom  (T^.r  -  270. 8°K).  An  erroneous 

value  of  the  last  magnitude,  equal  to  1350  cal/g-atom,  is 
given  in  the  work  [935]  and  in  the  Handbook  [3508]. 

It  can  be  Inferred  on  the  basis  of  the  data  In  the  work 
[2455]  that  this  magnitude  relates  to  phosphorus  trloxlde 
in  the  solid  state.  Chamley  and  Skinner  [1091],  however, 
relate  it  to  the  liquid  state. 

The  magnitude  *  22 -7  +  0.5  kcai/mole  was  found  in 

the  work  [20753*  Recalculation  to  298.i5°K  was  carried  out 
by  means  of  the  heat  capacities  of  phosphorus  Dentoxide  in 
the  crystalline  state,  estimated  in  the  work  [469], 

Use  was  made  in  the  calculations  of  the  values  of  the  heats 
of  formation  of  POCl^,  given  in  the  present  Handbook,  and 

of  POBr^  [ 3508] .  The  heat  of  sublimation  of  POBr^  was  deter¬ 
mined  by  using  various  calculation  methods  discussed  in  the 
review  [468], 
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